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Francis M. Forster, M.D.° 


It is a privilege and honor to represent the 
American Academy of Neurology officially on 
the Section on 
Neurochemistry into the fold of the Academy. 
The American Academy of Neurology and 
modern neurochemistry are essentially contem- 


this occasion, and welcome 


poraries. This is the ninth annual meeting of 
the Academy, and its genesis actually goes 
back some five years prior to the first meeting, 
when Dr. A. B. Baker, the first president and 
the founder of the Academy, began his cam- 
paign among the young neurologists of that 
day to organize a new society. 

The “elder statesmen” of this Academy were 
graduating from medical school at the time 
the first modern text on chemistry of the brain 
was written by Irvine Page. During our early 
days in neurology, the term neurochemistry 
was not in use. Very few, if any, of us were 
initiated into the Thudichum. 
Chemistry as it related to neurology was en- 


traditions of 


tirely clinical, dealt with the study of cerebro- 
spinal fluid, and was restricted to measure- 
ments of total protein, sugar, chlorides, and 
the mysterious colloidal gold reaction. Some 
of us, under the banner of neurophysiology, 
crossed that nebulous boundary between basic 
sciences and found later that we had excursed 
slightly, if unwittingly, into neurochemistry 
by pathways such as the acetylcholine reac- 
tions. Gradually, as we became chairmen of 
departments of neurology, we realized more 
and more the need for research in the field 
of chemistry of the nervous system and added 
to our departmental staffs scientists interested 
in this area. In our own personal experience, 
we have encountered first the need and then 





the satisfaction of the fulfillment of the need. 
This is now translated into the same experi- 
ence for the American Academy of Neurology. 

The American Academy of Neurology has 
traditionally been a society of and for clinical 
neurology. Clinical neurology remains the 
central core of the academy and its member- 
ship is bound together by its interest in the 
practical applications of the various areas with- 
in neurology to the clinical problems of this 
most fascinating field of medicine. Neurology 
is really more than a specialty. Neurology is 
a discipline because it includes so much more 
than clinical neurology. Were neurologists con- 
cerned only with the diagnosis and treatment 
of patients, neurology would, in fact, be a sub- 
specialty. However, neurology has tradition- 
ally encompassed neuroanatomy and neuro- 
pathology within its scope. When the field of 
neurophysiology evolved, this too became part 
of the total framework of neurology. 

In its early days the Academy in its scien- 
tific programs and in its publications, through 
its own journal Neurovocy, placed interest 
and emphasis on clinical neurology. However, 
the membership soon felt and expressed a 
desire to hear more of experimental neurology 
and to have more research orientation in the 
program and publications. The total frame- 
work of the program for the Academy gradu- 
ally changed so that purely scientific papers 
in the basic sciences began to appear and then 





*President, American Academy of Neurology. Dean and 
professor of neurology, Georgetown University Medical 
School, Washington, D.C. 

Read at the Colloquium on Neurochemistry during the 
ninth annual meeting of the American Academy of Neurol- 
ogy, Boston, April 26, 1957. 
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became more and more prominent in the pro- 
gram. The journal Nevrococy published these 
and neurologists expressed their satisfaction 
and abiding interest. 

The Academy has shown a continual growth 
and development which is close to phenom- 
enal, and within the past two years the mem- 
bership of this society has doubled. It soon 
became obvious that either the bulk of the 
membership would remain inarticulate or some 
change had to be made in programming. 

As most of you know, I have long been 
active in the American Medical Association 
and have understood the section framework 
within the A.M.A., having served in the Sec- 
tion on Nervous and Mental Diseases as sec- 
retary, chairman, and now as delegate to the 
house of delegates. The section format in the 
A.M.A. seemed to me to be an ideal one which 
might be developed in the American Academy 
of Neurology. 

Shortly 


board of trustees and officers for the setting 


after obtaining approval of the 


up of a section type of meeting and the pro- 
viso that sections might be appointed, I had 
the privilege of meeting with Dr. Donald B. 
Tower, Dr. Maynard Cohen, and Dr. Eliza- 
beth Roboz and discussed with them the po- 
tentialities of a section in neurochemistry. | 
was then able to take their formal application 
for the formation of the section before the 
board of trustees and officers. In this way, 
not only was the section authorized in prin- 
ciple, but the policy was implemented and 
today we are raising the curtain on the first 
section of the American Academy of Neurol- 
ogy. Judging by the program and the enthu- 
siasm engendered by this section, the officers 
and board of trustees, and particularly myself, 
are especially gratified, for there can be no 
doubt that the Section on Neurochemistry is 
a viable product and one destined for a long 
and distinguished career. 

It is the sincere hope of the American Acad- 
emy of Neurology that the Section on Neuro- 
chemistry, by its growth and development 
within the framework of the Academy, will 
continue to add strength and luster to the 
Academy as it has already done. We hope 
that our membership, with its broad repre- 
sentation and its particular clinical interest, 
will, by the impact of this new section, be kept 


abreast of developments in the field of neuro- 
chemistry and that each member will have his 
appetite whetted to learn more about the most 
rapidly developing and most fascinating of all 
the basic disciplines of neurology. 

It is our sincere hope, on the other hand, 
that the section will prosper and profit by re- 
maining in the Academy. The section should 
not only influence the Academy but, by eclec- 
tic selection, choose from the activities of the 
Academy and its scientific programs those por- 
tions which appeal to it so that the Section on 
Neurochemistry may likewise derive inspira- 
tion and strength and stimulus from us. We 
trust that this section will not long remain in 
the solitary state of being the only section. 
We expect that sections in neuropharmacology 
and neurophysiology may also be organized in 
the not too distant future. 

There might be some concern as to how the 
Academy can function with so many activities 
ensuing in the course of the meeting. This 
should offer no concern to the membership in 
the Section of Neurochemistry nor to the mem- 
bership of the Academy at large. The officers 
and board of trustees envisage that in the fu- 
ture Academy meetings will consist of three 
parts: one part, the courses which have been 
so successful for some five years; one part, the 
general meeting; and a third part, the sections. 
As we develop, the general meeting will prob- 
ably hold one session or two and then the sec- 
tion meetings will follow, with a final session, 
a general meeting. The sections, as they mul- 
tiply, will probably have joint meetings just 
as occur in the A.M.A., and at times a section 
or combination of sections will have a joint 
meeting with the general membership. Where 
we shall stand 15 or 20 years from now is 
most difficult to predict. Perhaps the Section 
on Neurochemistry will have split into sub- 
sections on enzyme chemistry, radioisotope 
chemistry, or some other fractions. There may 
well be five or six or seven different sections 
other than those dealing with chemistry by 
that time, but certainly it is impossible to 
foresee anything but growth, strength, and 
development for neurology or neurochemistry 
and for the total research and development in 
the field of the nervous system, stemming from 
the efforts that you and the Academy as a 
whole are making today. 
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neurochemistry 


Origins and development of 


Donald B. Tower, M.D., Ph.D. 


CHEMICAL INVESTIGATIONS of the nervous sys- 
tem have progressed to the point that they now 
form a definite subdivision of neurobiology 
which we designate neurochemistry. There are 
already departments or laboratories in several 
institutions devoted to neurochemistry. Books 
on the subject have begun to appear. A series 
of international colloquia on neurochemistry 
has been inaugurated. An international journal 
Now the 
Academy of Neurology has established as its 


has started publication. American 
first neurologic specialty section a section on 
We may well inquire how 
this development has occurred and what are 


neurochemistry. 


its implications for neurology and neurologic 
research in the future. 

Neurochemistry is not easily defined. Those 
of us working directly in this field do not 
always agree on its scope or limits. The vari- 
ous facets which might be included cover a 
very wide range. To obtain a clearer under- 
standing of the situation, it is worthwhile to 
look back over some 300 years to trace the 
origins and development of neurochemistry. 
In doing so, we should take a broad view of 
what constitutes neurochemistry and _ realize 
the close correlation of its development with 
that of neurophysiology and biochemistry. 

It is not feasible here to follow these devel- 
opments in great detail, nor has it been pos- 
sible to consult all the original sources which 
a full historical treatment would require. Many 
of these sources are difficult to identify and 
locate, and such a study is hampered by a 
lack of adequate histories of the development 
of neurophysiology and of biochemistry. Most 
historical accounts are primarily biographic 
in form. It is undeniable that people make 
history and some figures dominate certain pe- 
tiods. For our purposes, however, emphasis 
on the development of ideas and concepts 
would seem to be more pertinent than bio- 
graphic cataloguing. As Fearing*® has pointed 


out, it is often futile or impossible to attempt 
to determine exactly who first discovered a 
phenomenon and when, since thought and 
development in science are not usually dis- 
but 
long precede the urge to record or demon- 
strate them. 


continuous processes, observations may 


Of necessity, considerable dependence has 
been placed on secondary sources. These are 
not always written with our present purposes 
in mind, and it is difficult to eliminate or to 
avoid interjecting personal viewpoints. It is 
not even certain that all of the important de- 
velopments in our story have been recognized, 
particularly since we may not yet appreciate 
the full significance of some ourselves. There 
are, some limitations which must 
be borne in mind in considering the data to 
follow. 


therefore, 


PRELUDE TO THE MODERN ERA 

Historians of science are generally agreed 
that until the sixteenth century, the time of 
the Renaissance, European science was dom- 
inated by the findings and ideas handed down 
from Greek and Roman times. 
for this long period of fallowness in scientific 
thought and endeavor are sufficiently familiar 


The reasons 


to need no elaboration here. Medical thought 
was dominated by the teachings of Galen 
[129-199 A.D.], whose treatises are among 
the few which survived to come down to us 
relatively extant. Much of know 
depends upon the labors of this physician and 
investigator of imperial Rome in the time of 
Marcus Aurelius in recording the bulk of 
knowledge in the field of medicine at that 
time. These writings were accepted through- 
out the medieval period as unquestioned fact. 


what we 





From the section of clinical neurochemistry, National In- 
stitutes of Neurological Diseases and Blindness, Bethesda, 
Maryland. 

Presented in abbreviated form at the Colloquium on Neu- 
rochemistry during the ninth annual meeting of the Ameri- 
can Academy of Neurology, Boston, April 26, 1957. 
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Chemistry as such did not exist in ancient 
times. There were the practical arts of fer- 
mentation (wines and vinegar), pottery mak- 
ing, crude metallurgy, glass making, and dye- 
ing, for a knowledge of which we are indebt- 
ed to the Natural History of Pliny the Elder 
[23-79 A.D.]. In addition, there was the rise 
of alchemy, first perhaps in Egypt but soon 
permeating all civilizations, a combination of 
mysticism, magic, and astrology which sought 
to transmute base metals into gold, the perfect 
medicine and source of eternal life, by means 
of the “essence” or philosopher's stone. The 
alchemists made use of the practical methods 
of their brother artisans and eventually laid 
a foundation for the rise of true chemistry as 
a by-product of their fruitless search.45-94 

Knowledge of the nervous system in those 
days was remarkably good. Such knowledge 
was undoubtedly acquired by observations 
over a long period. Trephination and trepana- 
tion were practiced long before recorded his- 
tory. Head injuries were among the subjects 
covered in the Edwin Smith Papyrus of 1600 
B.C.2° By the sixth century B.C. the Greeks 
recognized the brain as the center of higher 
activities [Alemzon of Crotus; Pythagoras of 
Samos]. Clinical observations on cases of head 
injury, epilepsy, and the like led to early ideas 
of localization and contralateral innervation 
[Hippocrates: 460-370 B.C.]. Experimental 
studies demonstrated the effects of cord and 
nerve section and decapitation [Aristotle: 384- 
322 B.C.], the vulnerability of the hindbrain 
to fourth ventricle puncture [Herophilus: ca. 
344 B.C.], and the connection of the nerves 
with the brain and their role in subserving 
sensation and motion [Erasistratus: 300-250 
B.C.]. By the time of Galen in the second 
century A.D. the anatomy of the central nerv- 
ous system was known in detail, the brain was 
recognized as the seat of intelligence, volun- 
tary movement, and sensation, motor and sen- 
sory nerves were distinguished, and the effects 
of sections and crude ablations at various levels 
experimentally established. By this time, as 
Soury'!? has pointed out, the anatomy and 
much of the basic physiology of the nervous 
system was as well advanced as at the time of 
Willis and Vieussens 1,500 years later. 

The precursors of physiologic chemistry were 
not as striking. In part this is due to the 


lack of adequate methods and knowledge, but 
it may also be due to a lack of surviving rec- 
ords. Poisons such as curare, ouabain, and 
veratrine and drugs such as opium, hashish, 
coca, cinchona, and mandragora (belladonna) 
were known to the ancients.*° Opium and 
mandragora were used to ease pain and con- 
tinued to be mainstays of the surgeon through- 
out the Middle Ages. The Assyrians knew that 
carotid compression would produce “analgesia” 
and the Greeks called these vessels soporales.* 
Mine gases and what we now know to be car- 
bon monoxide were early recognized to be 
brain “poisons” [Erasistratus; Galen; Avicen- 
na].27 The term albumen was introduced by 
Pliny to denote the white of an egg.'** As 
far as the brain was concerned, Plato [ca. 428- 
348 B.C.] likened it to a marrow or pith, and, 
while Hippocrates did not consider it to con- 
tain fat, Aristotle is said to have compared it 
to a type of fat found in cetaceans.* These 
few examples suggest that the ancients may 
have possessed more knowledge than has come 
down to us. 

However, they suffered from a lack of un- 
derstanding of the composition of matter. Their 
views derived from philosophy rather than ex- 
periment, but became so ingrained that they 
too persisted throughout the Middle Ages. A 
concept of atoms and a crude kinetic theory 
of atoms was proposed as the basis of matter 
[Democritus: ca. 460-370 B.C.], but it failed 
to displace the more general concepts of four 
elements: fire, earth, air, and water [Empedo- 
cles: 490-430 B.C.], four attributes or quali- 
ties: heat, cold, wetness, and dryness [Aris- 
totle], and four humors of the body: blood, 
phlegm, yellow bile, and black bile [Galen], 
which were believed to comprise matter and 
determine its properties through the media- 
tion of a particular essence, or fifth element, 
hence quintessence [Aristotle]. 

The ancient concepts of body physiology 
and nervous system function apparently de- 
rived from these beliefs. As outlined by Galen, 
food stuffs from the alimentary canal were 
taken as chyle to the liver and refined into 
blood and “natural spirits” (or “pneuma”) 
which were distributed by the veins to the 
body. The arterial blood was refined in the 
heart by air from the lungs via the pulmonary 
vein to “vital spirits” (or “pneuma”) which 
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ensured heart action and other essential func- 
tions. Some “vital spirits” reached the brain 
through the arteries and were there further 
refined into “animal spirits” (or “pneuma”) 
which, on distribution through the hollow 
nerve tubes, produced motion and sensation. 
The higher functions of the brain in anima- 
tion of the whole organism were the result of 
the “psychic pneuma” or “psyche” (“soul”), 
which originally appears to have been synony- 
mous with “animal spirits,” but later, partly 
through influences of Christianity, became a 
separate element.**-42.97 It is these concepts, 
which came down to the Renaissance virtually 
intact, that were the points of departure for 
modern physiology and “animal” chemistry. 


FROM THE RENAISSANCE 
TO THE NINETEENTH CENTURY 

This brief outline of the contributions of the 
scientists of Greece and Rome indicates the 
type of soil into which the seeds of modern 
research were sown. The now barren soil was 
euddenly enriched when monastic domination 
ceased, communication and trade broadened, 
and free thought developed. Scepticism and 
experimentation began to flourish, as the anat- 
omy and physiology of Galen were challenged 
and Galenic traditions overturned by Vesalius 
[1514-1564] and Harvey [1578-1657]. Chem- 
istry outgrew alchemy as the better-educated 
physician entered the field under the stimulus 
of Paracelsus [1493-1541], Libavius [1540- 
1616] and van Helmont [1577-1644], who as- 
serted that life was essentially a chemical proc- 
ess and man a complex chemical compound 
whose health depended upon the correct pro- 
portion of its ingredients.*5.4 

From the seventeenth century onward devel- 
opments came so rapidly that it is no longer 
possible to consider them simultaneously. 
Medicine led the way and from it three fields 
emerged, chemistry, anatomy, and from the 
latter, physiology (in response to the demand 
to know how structure functioned). It is here 
that neurochemistry began to take root. Phys- 
iology applied to respiration and digestion be- 
came more chemical in its approaches and with 
the recognition of organic compounds ulti- 
mately developed into biochemistry. Physiol- 
ogy applied to the nervous system was soon 
to become neurophysiology. These two areas 
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of investigation in the seventeenth and eight- 
eenth centuries are the beginnings of our story. 


THE RISE OF NEUROPHYSIOLOGY 


The stimulus to inquire into the functions 
of brain, cord, nerves, and muscles was one of 
the principal results of the work of Vesalius, 
Harvey, and their contemporaries. During this 
period most investigators still clung to the 
Galenic concepts of “animal spirits” and the 
“psyche” or “soul” as the bases of cerebral 
and neuromuscular function, but the urge to 
understand them more precisely soon subjected 
them to experimental trial. The so-called iatro- 
physical school developed a highly mechanical 
explanation of neural function, as exemplified 
in Traité de THomme*® by René Descartes 
[1596-1650] and De Motu Animalium'™ by 
Giovanni Borelli [1608-1679]. An anatomic 
basis for cerebral function was proposed by 
Thomas Willis [1621-1675] in his De Cerebri 
Anatome.'*! Cartesian concepts foreshadowed 
the demonstration of reflex activity and in- 
tegrative action, and Willis provided the most 
complete and accurate account of the nervous 
system up to that time. But in both instances 
there was adherence to the idea that the brain 
was essential to life, motion, and sensation, 
since it was the seat of the “soul” and the 
source of “animal spirits” which coursed from 
it through the nerve tubes to produce muscular 
contraction by inflation of the muscles.**-42-45 

The views did not long stand unchallenged. 
Vesalius and Realdus Colombus had already 
experimented with decapitation and cerebral 
ablation. Their example was soon followed by 
others. As a result of the studies by Boyle, 
Perrault, Bohn, Vieussens, duVerny, Chirac, 
and Preston on experimental extirpations and 
anencephalic monsters, it was recognized that 
vital functions could persist in the absence of 
cerebrum and cerebellum, provided the me- 
dulla and cord remained intact.**.4* The proper 
functions of the brain were revealed because 
of the interest of the French Academy of Medi- 
cine in head injuries. The neurosurgeons con- 
cerned, “Pourfour du Petit, Lorry, and Sau- 
cerotte, established contralateral innervation, 
cerebral origin of motor and sensory phenom- 
ena, medullary localization of the respiratory 
center, and the role of the cerebellum in co- 
ordination and posture.*®-45.97 
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The “animal spirits” concept also proved in- 
adequate to account for findings on isolated 
muscle and nerve-muscle preparations. Francis 
Glisson [1597-1677] insisted that “irritability” 
was an inherent property of animal tissues, 
manifested whenever stimulated directly, by 
sensory nerves or from the brain, thus distin- 
guishing the central function of perception 
from sensation. He also showed that muscles 
did not inflate on contraction, as the “animal 
spirits” proponents claimed.** These studies 
were extended by Jan Swammerdam [1637- 
1680] and reached a full elaboration by Al- 
brecht von Haller [1708-1777] and Robert 
Whytt [1714-1766]. Thus Haller distinguished 
between sensibility (action of the nerve im- 
pulse) and irritability (response or contraction 
of muscle), or in its later sense, excitability. 
In his monograph, On the Vital and Other 
Involuntary Motions of Animals,'*® Whytt re- 
ported that only a segment of spinal cord was 
necessary for vital functioning, that movements 
could be voluntary (willed), involuntary (“spon- 
taneous” or automatic) or mixed, and _ that 
muscular contraction occurred under various 
stimuli — direct, reflex or voluntary.*® 

The Dutch naturalist, Jan Swammerdam,° 
deserves further mention. In his great Bybel 
der Natuur'*' there is a section entitled: “Ex- 
periments on the particular motion of the mus- 
cles of the frog; which may be also, in gen- 
eral, applied to all the motions of muscles in 
Men and Brutes.” Some of these experiments, 
as he depicted them, are reproduced in figure 
1. Here are the earliest nerve-muscle prepa- 
rations, a closed system for visual recording of 
muscular contraction, and a plethysmograrhic 


*Swammerdam was born on February 12, 1637 in Am- 
sterdam. He studied at the University of Leyden under 
Sylvius and received his Doctor of Physic degree in 1667. 
Swammerdam’s father, an apothecary, was a student of 
natural history and had a notable collection of insects, fos- 
sils, and the like. It is apparent that this influenced Swam- 
merdam in his studies, since he showed much interest in 
dissection and methods of preparation and preservation of 
anatomic material, especially insects. His father was en- 
tirely unsympathetic with these studies, but Swammerdam 
persisted. He amassed an outstanding entomologic collec- 
tion (said to contain 3,000 distinct species of insects, 
many of them dissected and their life habits traced from 
hatching), for which the Duke of Tuscany offered him 
12,000 florins. In addition, he built up an excellent col- 
lection of human anatomic preparations, he was the first 
to describe the red blood corpuscles, and he carried out 
studies on cardiac and lung movement, as well as the 
neuromuscular studies discussed in the text. His Bybel der 
Natuur has been described as “the finest collection of mi- 
croscopic observations ever produced by one worker” (ref. 
42, p. 89). He later published a treatise on bees [1674]. 
Through his friendship with Stenson (also a pupil of Syl- 


device to follow changes in muscle bulk with 
contraction. Such studies confirmed and ex- 
tended Glisson’s observations. Swammerdam 
could not explain the action of nerve on muscle 
but posed some very cogent questions: 

it merits particular consideration in what 
manner the nerve is actually joined to the muscle; 
how it is constructed in the muscle; what is its 
course, entrance, middle distribution, and end; as 
also how it communicates with the moving fibre, 
and what effect it produces on it; also what that 
very subtle matter properly is which is undoubt- 
edly conveyed to the muscle through the nerve.” 


39, p. 46 

A beginning to the answer for these ques- 
tions came with the studies on “animal elec- 
Electric fishes (Torpedo) had been 
known since Roman times and had been stud- 
ied anatomically by Lorenzini [1678] and John 
Hunter [1773]. An analogy to these fish ap- 
peared to be provided by the Leyden jar, a 
source of static electricity developed at this 
time [1745]. The jar was used by Fontana 
[1757], Caldini, and Galvani to stimulate mus- 
cles and nerves and in attempts to stimulate 
the brain.*5-°7 The observation of electrical 
properties of animal tissues by Luigi Galvani 
[1737-1798] prompted others to examine this 
phenomenon. Alessandro Volta [1745-1827] 
not only recognized the true implications of 
Galvani’s findings but went on to develop the 
Voltaic pile, the first battery, which provided 
neurophysiologists with a valuable experimen- 
tal tool. It is recorded that Valli [1792] at- 
tempted to reproduce Volta’s pile by connect- 


tricity.” 


ing the nerves and legs of 14 frogs in series.™ 
It is perhaps of more interest that Volta ob- 
served: 


vius), he met the Duke of Tuscany, to whom he demon- 
strated his frog muscle studies and his insect dissections 
when the Duke visited him in 1658 (or 1668). He re- 
fused the Duke’s offer for his entomologic collection since 
it was made on condition he move to Florence and become 
a Catholic. His life was complicated by the controversies 
with his father and a growing preoccupation with religion, 
influenced by the Flemish mystic and pietist, Antoninia 
Bourignon. As a result, he retired from the world in 1675 
to devote himself to spiritual matters until he died on Feb- 
ruary 17, 1680 at the age of 43. Swammerdam was “little 
versed in Latin” so that his publications in Dutch received 
little attention until Hermann Boerhaave succeeded in pur- 
chasing them for 1,500 French florins from Joseph du Ver- 
ny (who had in turn obtained them from Joubert, the 
owner, after the death of Swammerdam’s heir, Thévenot). 
Boerhaave published his work in Latin as the Biblia Na- 
ture in 1738 and an English version, The Book of Nature; 
or the History of Insects, was published in London in 
1758, both with biographic data by Boerhaave. With 
these editions the data he had obtained became general 
knowledge and influenced all subsequent studies.” 
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change in muscle bulk during contraction. 
Williams and Wilkins, 1930]. 


“This apparatus . . resembles in form more the 
natural electrical organ of the electric eel... . 
than the Leyden jar and the known electrical bat- 
teries . ” 38, pp. 117-118 


With this improved source, the electrical ex- 
citability of the medulla and spinal cord, as 
well as nerves and muscles, was demonstrated 
by Volta, Aldini, and von Humboldt — only the 
cerebral cortex remained inexcitable due to the 
relatively weak currents produced by Volta’s 
pile.°7 Galvani maintained that electrical im- 
pulses passed from the brain through nerves to 
all parts of the body, and many of his contem- 
poraries assumed the identity of the nerve 
agent with electricity.” 

By the end of the eighteenth century neuro- 
physiology was clearly coming of age. It is im- 
portant to remember that the investigators of 
these eras were not specialists but ranged 
through the whole field of science. They were 
influenced by clinical observations on the nerv- 
ous system, by the many advances in chemis- 
try, by the observations of the early microsco- 
pists, and by many other developments which 
cannot be detailed here. Scientific societies and 
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Swammerdam’s figures illustrating his nerve-muscle experiments. 
cle contraction on mechanical stimulation of the nerve; Fig. VII-IX: plethysmographs to demonstrate lack of 


[Reproduced from p. 47 of Fearing, F.: 





Fig. V and VI: measurement of mus- 


Reflex Action. Baltimore, 


periodicals were begining to appear, facilitat- 
ing the exchange of ideas and research prog- 
ress. It is interesting to note that one of the 
earliest endowed lectureships was provided to 
the Royal Society by the widow of the seven- 
teenth century physiologist, William Croone: 


“ 


: . one fifth of the clear rent of the King’s 
Head Tavern, in or near Old Fish Street, London, 
at the corner of Lambeth Hill, ‘for the purpose of a 
lecture and illustrative experiment for the advance- 
ment of natural knowledge on local motion, or 
(conditionally) on such other subjects, as in the 
opinion of the President for the time being, should 
be most useful in promoting the objects for which 
the Royal Society was instituted’. . . .” 108 

The first Croonian Lecture was given in 1738 
and they have continued to be a medium for 
presentation of important developments in 
nerve and muscle physiology. The bequest 
returned £3 to the society at first, but by 
1930 it was yielding £ 56 yearly.*® 


THE BEGINNINGS OF BIOCHEMISTRY 


Turning back to take up the other thread 
of our story, we can consider the factors which 
led to the emergence of biochemistry, the 
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studies on respiration and digestion, and the 
recognition of organic compounds. Much of 
the chemistry and physiology of the seven- 
teenth and eighteenth centuries was devoted 
to the problem of respiration and the nature of 
air and gases in relation to combustion. 
Robert Boyle [1627-1691] in his treatise, 
New Experiments, Physico-mechanical, Touch- 
ing the Spring of Air and Its Effects,'* de- 
scribed experiments in which he found that a 
candle flame or a bird could not survive long 
in a closed vessel under partial vacuum. He 
commented: 
“Paracelsus indeed tells us that as the Stomack 
concocts Meat, and makes part of it useful to the 
Body, rejecting the other part, so the Lungs con- 
sume part of the Air, and proscribe the rest. So 
that according to our Hermetick Philosopher . . . . 
we may suppose that there is in Air a little vital 
which serves to the refresh- 
ment and restauration of our vital Spirits . % 


39, p. 55 


Quintessence 


Thus air was recognized to be necessary for 
both life and combustion. In an effort to un- 
derstand the basis for such findings, studies 
were undertaken by Hooke, Mayow, Hales, 
Stahl, Black, Cavendish, Scheele, Priestley, 
and Lavoisier which led to the recognition of 
carbon dioxide (the “gas sylvestre” of van Hel- 
mont), oxygen, hydrogen, and nitrogen and 
the correct concepts of combustion and oxida- 
tion. 

Meanwhile, analogous observations were be- 
ing made on animals and plants. Robert Hooke 
[1635-1703], working with Boyle, showed that 
respiration was not dependent upon lung 
movement but upon the passage of air through 
the lungs, demonstrating this by artificial res- 
piration experiments. Hooke stated [1667] 
that: 

a it was not the subsiding or the moveless- 
ness of the lungs that was the immediate cause of 
death, or the stopping of the circulation of the 
blood through the lungs, but the want of sufficient 
supply of fresh air.” 42, p- 65 
Richard Lower [1631-1691] proved experimen- 
tally that air mixed with blood in the lungs 
to give the latter its red color, while venous 
blood was dark due to its loss of air. Boyle 
had already extracted gases from blood under 
rartial vacuum.‘? Stephen Hales [1677-1761] 
found that a given quantity of air could be 
breathed if, between expiration and inhalation, 


‘ 


the air passed through a rag soaked in caustic 
potash solution.** Oxygen was isolated inde- 
pendently by Scheele [1771, unpublished] and 
by Priestley [1774]. In his Experiments and 
Observations on Different Kinds of Air,1% 
Joseph Priestley [1733-1804] described the re- 
ciprocal relationship between plant and animal 
life — air in which a candle had burned until 
it went out became respirable and supported 
combustion again after plants had grown there- 
in for some time.®* It remained for Antoine 
Laurent Lavoisier [1743-1794] to put all these 
observations together. He showed that the 
“oxygine principle” was taken in by the body 
and carbon dioxide given out. He found res- 
piration was in every way analogous to com- 
bustion, with oxidation in the body resulting 
in production of heat, carbon dioxide, and 
water.42-45 

Even as Lavoisier arrived at the correct 
concept of respiration, the next advance was 
being made and published by Lazzaro Spal- 
lanzani [1729-1799]* in 1776.113 In connec- 
tion with his studies on respiration of warm- 
and cold-blooded animals and the tolerance 
of the latter at reduced temperatures to carbon 
dioxide, Spallanzani studied excised tissues 
from freshly killed animals. He found that all 
tissues, including brain, took up oxygen and, 
in atmospheres of air, hydrogen, or nitrogen, 
He concluded that 
the actual site of respiration was at the tissue 
level itself, a view that had to wait a century 
for its final confirmation and acceptance in the 
studies of Pfliiger [1875].45.118.115 

Spallanzani also made major contributions 


gave off carbon dioxide. 


to the mechanism of digestion. Fermentation 
in production of wine and vinegar had been 
a recognized process since the earliest times. 
In developing their concepts of a chemical 
basis for life it was natural that Paracelsus and 
van Helmont looked upon physiologic proc- 
esses, including digestion, as due to ferments. 
Franciscus de la Boe (Sylvius) [1614-1672], 


*Spallanzani was born at Scandiano in Lombardy on Jan- 
uary 12, 1729. He studied at Reggio and in 1754 became 
professor of logic, metaphysics, and Greek there. He moved 
to Modena in 1763 as professor of physics and in 1769 
became professor of natural history at the University of 
Pavia, where he remained until his death on February 12, 
1799. Spallanzani was a cleric, holding the title of Ab- 
bott, and he travelled widely in the course of his natural 
history studies. His research covered a wide variety of 
topics from circulation, respiration, and digestion to spon- 
taneous generation and reproduction,’%+" 
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the teacher of Willis, Swammerdam, and Sten- 
son, formulated these ideas by stating [1679] 
that digestion was a process of fermentation 
in which saliva and pancreatic juice play prin- 
cipal roles. To this Haller added gastric juice 
and the aid of bile in fat digestion. Other in- 
vestigators, notably Borelli, regarded digestion 
as merely a mechanical trituration process.** 

In 1752 René de Réamur [1683-1757] re- 
ported that his pet kite (a type of hawk) which 
regurgitated anything it could not stomach, 
would swallow metal tubes containing food 
and that when they were returned the food 
within was softened. He found that gastric 
juice softened food in vitro but, because he 
did not carry out the experiment at body tem- 
perature, complete digestion did not occur. 
This line of investigation was continued by 
John Hunter, Stevens, and Spallanzani. In his 
De Alimentorum concoctione™® Stevens de- 
scribed experiments in which a_ professional 
stone swallower was induced to swallow per- 
forated silver spheres containing various types 
of food. On evacuation he analyzed the con- 
tents and proved their conversion into “chyme” 
or a “kind of pap” without contact with the 
lining of the stomach or its mechanical ac- 
tion.'** Spallanzani extended these studies to 
a variety of species and performed in vitro 
experiments at body temperature which dem- 
onstrated the digestive action of gastric juice 
and, incidentally, its antiseptic properties.4?-1'4 
These observations laid the groundwork for the 
recognition of enzymes and enzymatic action, 
which was to come in final form a century 
later with the studies of Biichner [1896]. 
Salivin or ptyalin and pepsin were among the 
first such “ferments” to be isolated and studied 
early in the nineteenth century.!*4 

Parallel with the observations on respiration 
and digestion, the early recognition of what 


*Scheele was born on December 9, 1742 in Stralsund, 
Sweden. He learned the apothecary’s trade in Gothen- 
burg and practiced this trade there between 1757 and 
1763. He then worked as assistant to apothecaries in 
Malmoe (1765), Stockholm (1767), and Uppsala (1770). 
In 1775 he became owner of the pharmacy in Képing, 
where he remained until his death on May 21, 1786. 
Scheele suffered ill health and near poverty and found lit- 
tle appreciation of scientific efforts until Torbern Bergman, 
professor of chemistry at Uppsala, befriended him and be- 
came interested in his work. In addition to the contribu- 
tions listed in the text, Scheele discovered the elements 
barium, manganese, chlorine, tungsten, and molybdenum; 
he distinguished graphite as a form of carbon; and he 
worked with hydrogen sulfide, arsenic compounds (copper 
arsenite or Scheele’s green and arsine), and Prussian blue 
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were later to be called organic compounds 
occurred. Certain carbon compounds, such 
as alcohol and sugars, had been known for 
centuries, but it was Karl Wilhelm Scheele*® 
[1742-1786], who, in his spare time from du- 
ties as an apothecary, isolated glycerin, uric 
acid, and a number of organic acids such as 
oxalic, tartaric, malic, citric, and lactic acids. 
It is of interest that his method of isolating the 
latter as the calcium salts and purifying them 
with sulfuric acid is still in use for this class 
of compounds today. Scheele made many other 
important contributions which marked him as 
one of the most gifted chemists of all time. 
The appearance of these new compounds ob- 
tained from animal sources, together with the 
modernization of chemical nomenclature and 
classifications undertaken by Lavoisier, de Mor- 
veau, Berthollet, and Fourcroy, laid the foun- 
dations for organic chemistry as developed 
by Berzelius, Dumas, Chevreul, Liebig, and 
Wohler a few decades later. 

At the end of the eighteenth century bio- 
chemistry as such did not yet exist, but its 
coming was clearly imminent. The develop- 
ments in concepts of respiration, digestion, and 
organic compounds were in large measure re- 
foundation. Investigators 
wanted to know how respiration and digestion 
of foods could result in the support of life and 
bodily functions and what the processes were 
that made such support possible. Biochemistry 
was born from the attempts to answer these 


sponsible for its 


questions. 
CHEMISTRY OF THE NERVOUS SYSTEM 

In comparison with the growth and ad- 
vances in neurophysiology and general “ani- 
mal” chemistry, chemical investigations of the 
nervous system were relatively meager. Most 
studies in this field were restricted to determi- 


(leading to the preparation of hydrogen cyanide). As 
Moore (ref. 94, pp. 68-71) remarks, Scheele was excep- 
tionally gifted and skillful and must have led a charmed 
life to be able to survive the discovery of arsine and prus- 
sic acid with his primitive laboratory facilities. A few of 
Scheele’s publications may be listed: 

On the discovery of uric acid: “Undersgkn, om blase- 
stenen,” Vetensk. Acad. Handl. (1776). 

On the discovery of lactic acid: “Om mijolk och dess 
Syra,” Ibid. (1780). 

On the discovery of glycerin: “Rgn, betraeffende ett 
saerskilt sockeraemne uti exprimerade oljor och fetmor,” 
Ibid. (1783). 

And on the discovery of oxygen (in 1771): “Chemische 
Abhandlungen von der Luft und dem Feuer,” Uppsala and 
Leipzig (1777) .%1 


10 NEUROLOGY 


nations of gross chemical composition, reflect- 
ing the general interest in anatomy and the 
nature of body structures. It is understandable 
that the complexity of the chemical structure 
of the nervous system proved baffling and re- 
sulted in over-long preoccupation with their 
elucidation. It is not equally clear why the 
urge to relate nervous function to chemical 
processes lagged so far behind similar ap- 
proaches in other areas of animal physiology. 
Possibly there were more studies than we have 
on record. Yet these few studies represent the 
first tentative efforts in the field which has now 
grown to be neurochemistry. 

The seventeenth century pioneers had little 
to go on but the ancient description of Hip- 
pocrates, Plato, and Aristotle. The earliest ob- 
servations after the Renaissance were appar- 
ently carried out by Thomas Bartholin [1616- 
1680], a Danish anatomist, Nicolas Lémery 
[1645-1715], a French chemist, and Johann 
Thomas Hensing [1683-1726], a German phy- 
sician, plus some observations by Sylvius, Di- 
émerbroeck, Ruysch, Leeuwenhoek, and Burr- 
hus.* 55.111.124 Bartholin described the “tem- 
perament” of the brain (cold and wet) and, 
from its white, soft appearance, greasy feel, 
and its property of softening and liquefying, 
he concluded it must consist of fat.55-124 Leeu- 
wenhoek described the brain substance as 
formed of small vessels and a type of glassy 
humor like fat. On distillation, Lémery and 
others observed that the brain gave forth a 
large quantity of “limpid phlegm,” volatile al- 
kali, and two types of oil, one yellow and but- 
tery, the other black, fetid, and thick like wax. 
In their anatomic studies Ruysch and others 
remarked on the “solubility” of much of the 
brain substance in water.!*4 

In 1719 Hensing® * published his dissertation, 
Cerebri Examen Chemicum ex eodemque Phos- 
rhorus singularem omnia inflammabilia accen- 
dentem which appears to be not only the first 
separate detailed account of chemical analysis 
of the brain, but also the first report of isola- 
tion of a specific substance therefrom. The 


*Hensing,™ Thouret,'** and Vauquelin’?*.™' all cite Burrhus, 
or von Burrhus, as having analyzed brains and give his 
principal findings. His identity is in doubt. Poggendorff:™ 
lists a Guiseppe Francisco Borri (Borro, Burrhus) [1627- 
1695], alchemist for some years in the service of Fred- 
erick III of Denmark, but I have been unable to trace 
farther than this and am not sure whether these references 
are all to the same man. 


title page of this work is reproduced in fig- 
ure 2. This is certainly a very early example 
of chemical investigation of animal tissues. 
The emphasis on chemistry as the basis of life 
and body processes by Paracelsus and van Hel- 
mont accounted for the popularity of examin- 
ing urine, bile, saliva, gastric and pancreatic 
juices, feces, and later blood with even crude 
attempts at quantitation.** There is little evi- 
dence recorded for studies on tissues before 
this time and even detailed chemical examina- 
tions of body fluids came later.¢ Thus, within 
the limitations of available records, the work of 
Hensing and his contemporaries on the nerv- 
ous system would seem to be indicative of the 
intense interest in the brain and nerves at that 
time and to represent an important develop- 
ment in the application of chemistry to bodc\ 
tissues. 

Hensing reported the results of his analyses 
as follows: 

“Divisio itaque feliciter hucusque cerebri peracta 
est, qua (I) vidimus aquam subtilissimam vulgo 
spirituosam (quam tamen a consortio subtillisime 
olei immunem non dicere licet (8) olewm 8 fixiori 
latice solutum odore admodum volatili, quamvis 
non adeo grato naribus. (7) Sal, in quo terra fixis- 


*°Only the barest details about this man have been discov- 
ered. A biography by J. B. Riidiger was published in 
Giessen in 1726, the year Hensing died, but we have been 
unable to locate a copy. Poggendorff™ states that Johann 
Thomas (or Theodor) Hensing was born at Frankfurt am 
Main on August 30, 1683. He obtained the degree of 
Doctor of Medicine (probably from the University of Gies- 
sen in 1709, since his first publication, De vitriolo, ap- 
peared in that year from Giessen). He practiced as a 
“Landphysicus” in Giessen from 1711 to 1717, when he 
was appointed professor extraordinarius [assistant] of 
medicine at the University of Giessen. In 1723 he became 
full (ordinarius) professor “Philosophie naturalis chymi- 
ce.” He died at Wetzlar on August 27, 1726 at the age 
of 43. Poggendorff lists eight publications between 1709 
and 1725 all on chemical subjects and one more title is 
listed in the Index of the Surgeon General’s Library [Ser. 
2. 6:1028 (1901)]. His son, Friedrich Wilhelm Hensing 
[1719-1745], was an anatomist of some prominence. For 
Thudichum’s summary of Hensing’s paper see pages 318- 
319 of his 1901 edition.*** Thudichum wrote: “Diese geist- 
reiche Arbeit gibt eine klare Uebersicht des damaligen Zu- 
standes des Wissens iiber unsern Gegenstand.” 





+Chemical investigations of muscle were apparently not 
carried out until 1730 when Claude-Joseph Geoffroy, Jr. 
reported his studies [Mem. Acad. des Sci., 1730, p. 217 
and 1732, p. 17]. The sweet taste of diabetic urine was 
rediscovered by Willis [1679], albumen was found after 
boiling urine by Dekker [1694], and phosphorus was 
isolated from urine by Brand and by Kunckel [about 
1669 ]} .#2+55,108,123 The identification of sugar in diabetic 
urine and blood came much later [Dobson; 1776], and 
urea [Rouelle; 1773] and uric acid [Scheele; 1776] were 
isolated about that same time. Harvey had observed the 
coagulability of blood serum on heating, and the red cells 
were described by Swammerdam, Malpighi, and Leeuwen- 
hoek, but the recognition of albumen in serum [Rouelle, 
1776], or iron in red cells [Menghini, 1747], and of fibrin 
and salts in the blood were also much later.**+!* 
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Title page from Hensing’s book. 


simam aque partem compedivit, ut nativam fluidi- 
tatem non nisi forte motore accedente, repetere 
possit. (5) Terra quoque sicca arida adest, que 
quia tantillum modo (plane enim et omni ex parte 
exhaustam esse et sibi soli relictam, dubito, quia 
igne fortissimo vitciariorum, aut solari nondum ex- 
aminare licuit, ut scirem quid valeat, quid ferre re- 
cuset) ex aqueo retinuit, nec aqua solvi nec salinis 
perfecte subigi, aut igne nostro, liquefieri vel quo- 
vis modo mutari potest annotomus (IIT) 
etiam diversitatem texture solidarum singularem, 
mollitiem nempe et facilem divisibilitatem corticis 
cerebri, et tenacitatem duritiemque medulle, im- 
primis corporis callosi, thalamorum duplicis nervi 
optici et reliquorum nervis eorumque fasciculis et 
funiculis principium preebentium.” 55, pp. 18-19 

His analyses were largely qualitative and no 
specific mention of albumen was made, but 
several statements on coagulation of brain in- 
dicate that its presence was observed but not 
recognized as such. 

Hensing describes in detail his isolation and 
identification of phosphorus from the cow’s 
brain. By his tests he was satisfied that it was 
similar to the phosphorus isolated from urine 
by Brand and by Kunckel, from feces by Hom- 
berg, and from minerals by Balduin and oth- 
ers. This was the “phosphor mirabilis” which 
Boyle studied in detail and reported in his 
treatise on noctilucence in 1680. The phenom- 
enon of phosphorescence excited much atten- 
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tion at the time and it is little wonder that 
many wonderful properties were ascribed to 
phosphorus. Hensing, in discussing his results, 
suggested that the substances which he found 
in brain, including phosphorus, were probably 
all combined and wondered if phosphorus 
could be concerned in the functioning of the 
“animal spirits” contained therein. Thus, 

one of the earliest chemical investigations of 
the nervous system, we see an attempt at syn- 
thesis of the findings in terms of function. 

The latter objective was often lost sight of 
in subsequent studies, but the general plan of 
Hensing’s investigation was followed through 
the time of Thudichum 150 years later. Thou- 
ret,'*4 S6mmering!'! and Thudichum!*5-127 
cited a number of similar studies between that 
of Hensing and Vauquelin’s study in 1811. 
Hamburger reported that from 10,000 parts of 
gray substance, 8,096 volatilized on drying, 
whereas only 6,894 volatilized from the mar- 
row.!!1,p- 131 Spielmann investigated the ash 
of the brain and identified iron by its at- 
traction to a magnet.!!7 Miinch isolated crys- 
talline “Zuckersiiure” 
acid) from brain after treatment with fuming 
nitric acid.'!!.p-7 Burrhus studied the lipids 
of the brain and emphasized their similarity to 
spermaceti.'*4-!2° Aristotle and Hensing had 
compared the fat of brains to that found in 
whales, but Burrhus and later Thouret!** be- 
lieved that the solids of the brain were iden- 
or spermaceti. 
It remained for Antoine Francois de Fourcroy 
[1755-1809]° to point out that the substance 
described by Burrhus and Thouret occurred 
only in cadaver material and not in fresh brain. 
Fourcroy showed that “albumen” was a prin- 
cipal constituent of calf, sheep, and human 
brain, together with mineral salts (ammonium, 
sodium, and calcium phosphate) in small pro- 
portions. He found oily or fatty materials but 
felt that they represented degradation prod- 
ucts from the peculiar “animal matter” of 
brain. However, he distinguished these lipid 
materials from ordinary fats and oils and indi- 
cated that they must represent a new type or 


(saccharic and/or oxalic 


tical with “blanc de _ baleine” 





®*Fourcroy was born on January 15, 1755 at Paris. He 
became a physician and in 1784 was appointed professor 
of chemistry at the Jardins des Plantes in Paris. He was 


one of the top chemists of his day and is most noted for 
his publication with Lavoisier, de “Morveau, and en 
of Methode d’une Nomenclature Chimique [1787]. He 
died in Paris on December 16, 1809. 
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species of fatty matter. He also isolated from 
alcoholic extracts crystals, which he showed 
were different from those isolated from sper- 
maceti (these were probably cholesterol crys- 
tals) .41a.125,127 

During the same period there were a few 
different observations which we can recognize 
today as equally, if not more, important, al- 
though at the time they occasioned less notice. 
Stenson had early observed that on compres- 
sion of the abdominal aorta paralysis ensued 
Swammerdam and Haller extended 
Saunders in his Treatise on the 


distally. 
these studies. 
Liver wrote, 

“The brain receives with relation to its bulk a 
larger quantity of blood than any other part of the 
body.”109, p. 58 
and Herdmann quoted, 

“Dr. Monro supposes that, not less than a tenth 
part of the circulating mass is transmitted to the 
brain.”56, p. 53 
Erasmus Darwin in 1794 recounted the use by 
millwrights of rotating millstones as a cure for 
insomnia (cerebral ischemia produced by ac- 
celeration ).°? De Rozier reported the effects of 
entering a brewer's vat during fermentation— 
sensation of heat, perspiration, violent feeling 
of suffocation, giddiness, 
guish objects or understand what was said, limb 


inability to distin- 


weakness, and purpling of the face.13, p. 609 
Thus, the importance of circulation and oxy- 
genation to function of the nervous system be- 
came recognized. Julien Jean César Legallois 
[1770-1814] in his Expériences sur le Principe 
de la Vie generalizes these concepts: 

“Tels sont, en résumé, les principaux faits ques 
que je fis connaitre en 1809: il en résultait que 
l’entretien de la vie dans une partie quelconque 
d'un animal dépendait essentiellement de deux 
conditions, l'une l’integrité de la portion de moelle 
epiniére correspondante, et de ses communications 
nerveuses; l’autre la circulation du sang artériel 
dans cette partie, et par conséquant, qu'il était pos- 
sible de faire vivre telle partie que l'on saved we 
d’un animal aussi longtemps que l'on Soe 
faire subsister ces deux conditions . 

The experiments of Astley Cooper in 1836 on 
the effects of ligating the carotid and verte- 
bral arteries definitely established these con- 
cepts for brain, and Brown-Séquard reported 
similar data for the cord shortly thereafter.**.® 

Observations on the effects of drugs and 
toxins upon neural function also began appear- 
ing during the seventeenth and eighteenth cen- 


turies. Many of the early studies were made 
by Felice Fontana [1730- 1803] in his Ricerche 
fisiche s sopra il veleno della vipera.44 In addi- 
tion to observing the actions of snake venoms 
on the central nervous system, Fontana studied 
the effects of alcohol, laurel, and opium. He 
noted that, shortly after the application of an 
opium solution to the frog brain, the animal 
was unable to move.**.°* Sémmering!!! wrote 
that opium in sufficient doses disturbed the 
activity of the brain, whether taken internally 
or applied directly to it, in both cases blotting 
He listed a 
number of substances with similar activity, 
such as strong beer, wine, stramonium, bella- 
donna, and aconite. Sir Humphrey Davy 
[1778-1829] observed the pharmacologic ef- 
fects of nitrous oxide, and Sir Benjamin Brodie, 
Wilson Philip, and others reported studies 
with “woorara,” 
toxins.**.97.123 The practical significance of 
some of these observations for anesthesia and 
anticonvulsant action had to await the findings 
of Long, Morton, and Locock some 50 years 


out sensation and consciousness. 


tobacco infusions, and other 


later. The functional significances were not 
recognized until much later.* 


THE MODERN ERA 


With the contributions of the nineteenth 
century, we enter into the modern eras for all 
three fields. It is not feasible to consider the 
detailed progress in neurophysiology and bio- 
chemistry after 1800, and only the highlights 
pertinent to the growth of neurochemistry will 
be dealt with. The rapidity of progress in in- 
vestigations beginning in the nineteenth and 
extending into the twentieth century is due in 
large measure to a number of general develop- 
ments. Many more scientific journals, societies, 
and meetings were in evidence, true labora- 
tories and new departments in universities 
were set up, and instrumentation and ana- 
lytic technics were refined. The cell, which 
Hook had described in 1665, became an ac- 
cepted generality in plant and animal economy 
through the studies of Schleiden and Schwann. 
Histology and pathology, embryology, and f- 


*In his recent book, Chemotherapy and the Central Nerv- 
ous System (London, Churchill, 1957), MclIlwain cites 
(pages 1-17 et seq.) the excellent studies by Snow, Flou- 
rens, and others as early as 1847 on the pharmacology 
and mechanisms of action of ether and analogous com- 
pounds. These outstanding investigations tend to be for 
gotten in later discussions. 








na 
the 
or} 
pre 
ch 
en 
pe 


NE 


tur 
the 
ter 
spr 
Sor 
tor 
tio 
C01 
ga 
“Ti 


(1 
ful 
tu 
Sir 
an 
the 
to 

an 


Ed 


ers 
ou: 


19 
ric 
the 
he: 
ne 
19 
lat 
sys 
me 
an 
of 
the 
inc 
[li 
cif 


on 





Ve =~ = 








nally bacteriology grew rapidly. And through 
the genius of men like Berzelius and Liebig, 
organic chemistry and biochemistry became 
predominant and the new field of physical 
chemistry appeared. Every area of scientific 
endeavor received renewed impetus which has 
persisted to the present time. 


NEUROPHYSIOLOGY 19,39,42,45,97 


The great contribution of nineteenth cen- 
tury neurophysiology was the clarification of 
the functional organization of the nervous sys- 
tem. Sir Charles Bell [1774-1842] was re- 
sponsible for the final establishment of the sen- 
sory function of posterior nerve roots and mo- 
tor function of anterior roots and for the loca- 
tion of sensory and motor areas of the spinal 
cord. The latter studies were extended by Le- 
gallois, as noted previously. Bell discussed the 
“nervous circle” which in the hands of Mar- 
shall Hall [1790-1858] and Johannes Miiller 
[1801-1858] became the concept of reflex 
function, anticipated by many eighteenth cen- 
tury workers. These studies later became, in 
Sir Charles Sherrington’s work, the reflex arc 
and reciprocal innervation. Legallois extended 
the work of Cruickshank, Bichat, and Brodie 
to establish the nervous control of respiration 
and cardiac action. Claude Bernard [1813- 
1878], Charles Brown-Séquard [1818-1894], 
Eduard Pfliiger [1829-1910], the Weber broth- 
ers, and others added observations which cul- 
minated in the concepts of the autonomic nerv- 
ous system elaborated by Walter H. Gaskell 
[1847-1914] and John N. Langley [1852- 
1925]. Eduard Weber [1806-1871] and Hein- 
rich Weber [1795-1878] in their study were 
the first to establish vagus inhibition of the 
heart. This idea was extended to the central 
nervous system by Johann Setschenow [1829- 
1905] and contributed to Sherrington’s formu- 
lation of the integrative action of the nervous 
system. Hermann von Helmholtz [1821-1894] 
measured the velocity of the nerve impulse 
and showed that muscles were the main source 
of animal heat. Bernard demonstrated with 
the use of curare that the muscle was excitable 
independent of its nerve, and Henry Bowditch 
[1840-1911] described the “all-or-none” prin- 
ciple and the indefatiguability of nerves. 

Contemporary with these studies were those 
on the central nervous system. Marie Jean- 
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Pierre Flourens [1794-1867] carried out care- 
ful observations on the effects of cerebral and 
cerebellar ablations, establishing the role of 
the cerebellum in equilibrium and coordina- 
tion. This approach was extended by Leopold 
Goltz [1834-1902] in his preparations of de- 
corticate, decerebrate, and spinalless dogs and 
in similar studies by Sherrington and his asso- 
ciates later. 

Perhaps the most significant development was 
the establishment of electrophysiologic tech- 
nics. Emile DuBois-Reymond [1818-1896]° 
was the chief architect of this method. He 
was aided by the prior observations of Carlo 
Matteuci [1811-1868] on muscle currents and 
the development of the galvanometer by Oer- 
sted and Nobili. In his book, Untersuchungen 
iiber thierische Electricitat,* and later publica- 
tions, DuBois-Reymond described the demar- 
cation potential, electrotonus, negative varia- 
tion on tetanization, the action potential of 
nerve and cord, and the production of acid 
from muscle after tetanic stimulation. Two 
other major results came from these studies. 
Richard Caton [1842-1926] applied DuBois- 
Reymond’s methods to the rabbit brain and 
observed not only the action potential on sen- 
sory stimulation but also spontaneous electrical 
activity of the electroencephalogram [1875].°* 
He went on to observe the effects of photic 
stimulation, anesthesia, and death on these 
potentials. His findings were independently 
confirmed by Beck and Fleischl, but the ful 
development of the electroencephalogram had 
to await the invention of the vacuum tube am- 
plifier and the studies of Forbes and Davis 
and of Berger after 1920. Just a few years 
before in 1870, Gustav Fritsch [1838-1897] 
and Eduard Hitzig [1838-1907] finally dem- 
onstrated the electrical excitability of the cere- 
bral cortex. David Ferrier [1843-1928] ex- 
tended their observations, using faradic stim- 





= 


®*DuBois-Reymond was born on November 7, 1818 in Ber- 
lin. He studied at the university of Berlin under Johannes 
Miiller with his fellow student, von Helmholtz. He re- 
ceived his degree in 1843, the subject of his thesis being: 
Quz apud veteres de piscibus electricis extant argumenta. 
He succeeded Miiller as professor of physiology and di- 
rector of the physiology laboratories at Berlin in 1858. He 
died on December 26, 1896 at Berlin.1%1 





°°®Brazier™ points out that Caton was fortunate in choosing 
the rabbit, since his galvanometer was just sensitive enough 
to respond to the slow waves of the rabbit’s brain. Had 
he chosen another species he probably would have missed 
this finding. 
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ulation, thus laying the basis for modern con- 
cepts of cerebral function. 

During these many important contributions 
we should not lose sight of equally important 
findings being made in the histology of the 
nervous system. Johannes Purkinje [1787-1869] 
described the axis cylinder and the presence 
of nerve cells in the brain [1838]. Valentin 
observed the continuity of “nerve tubes” from 
the periphery to the central nervous system 
and the variability of nerve cell form. Robert 
Remak [1815-1865] recognized nerve cell 
processes and non-medullated nerves [1837], 
and Theodor Schwann [1810-1882] described 
the neurilemma [1839]. These observations 
were made possible by the development of the 
compound microscope by J. J. Lister, but they 
were usually made on fresh tissue sections 
without benefit of special technics introduced 
by later workers. Augustus Waller [1816-1870] 
reported his studies of peripheral nerve de- 
generation in 1850; Deiters showed [1865] 
that each nerve cell possessed an axon and a 
number of dendrites; Camillo Golgi [1843- 
1926] introduced metallic stains to demon- 
strate nerve cells and their processes in brain 
[1873], and Ehrlich, Ramon y Cajal, Hortega, 
Nissl, Weigert, and others added more useful 
stains; and Wilhelm His [1831-1904] demon- 
strated the embryologic development of neu- 
rons from columnar epithelial cells via the 
neuroblast in 1886. The neuron theory, as 
summarized by Waldeyer in 1891, became 
established and in 1897 the concept of the 
synapse was introduced by Foster. 

The picture given by these studies of the 
fine structure and the function of the nervous 
system provided Sherrington, Adrian, and the 
many who succeeded them with an integrated 
structure, which Sherrington formulated in his 
Integrative Action of the Nervous System 
and from which neurophysiology today has 
derived much of its stimulus. This picture 
would not be complete without recognizing 
the contributions of the great contemporary 
neurologists from Broca to Horsley, Jackson 
and Gowers and their present day pupils. 


BIOCHEMISTRY®®,45,94,123 

The chemistry of the nineteenth and early 
twentieth centuries was dominated by the 
growth of organic chemistry and biochemis- 
try. It is only recently that physical chemistry 


and biophysics, which also had their origins in 
the last century, have reached a par with them. 
Early in the nineteenth century order was es- 
tablished due to the efforts of Lavoisier, Ber- 
thollet, Berzelius, Dalton, and others in the 
nomenclature, classification, and concepts of 
combinations and reactions of chemical com- 
pounds. The field of organic chemistry result- 
ed primarily from the teachings of the great 
Swedish chemist, Jéns Jakob Berzelius [1779- 
1848]. He and his contemporaries were quick 
to apply general chemical principles to this 
class of compounds. Methods of organic analy- 
sis and synthesis developed rapidly and with 
them the growth of the coal tar industry. The 
latter was an important factor for the progress 
of investigative organic and biological chem- 
istry, since many of the industrial efforts ac- 
crued to the benefit of research. Such exam- 
ples as Chevreul’s work on animal fats for the 
soap industry, Perkin’s development of aniline 
dyes, and attempts to synthesize drugs for 
treatment of infectious diseases illustrate this 
point. These developments, together with bet- 
ter apparatus and wider scientific communica- 
tion, were in large measure responsible for the 
growth of biochemistry. 

Biochemistry originated from two fundamen- 
tal types of investigations, the elucidation of 
the nature of organic compounds found in 
plants and animals and the concept of metab- 
olism, or the assimilation, utilization, func- 
tional significance, degradation, and excretion 
of various compounds by living organisms. 
We owe much to Justus von Liebig [1803- 
1873],° professor of chemistry at the Univer- 





*Liebig was born on April 5, 1803 at Darmstadt. Liebig’s 
father dealt in artist’s supplies and provided him with his 
first chemical associations. He later trained as an apothe- 
cary but was forced to leave when one of his preparations 
blew up the shop. He then entered the University of Bonn, 
transferring to Erlangen and then to Paris, where he stud- 
ied under von Humboldt and Gay-Lussac. He received his 
doctor’s degree from Erlangen and was appointed assistant 
professor of chemistry at Giessen in 1824 ard succeeded to 
full professorship in 1826. The chemice: facilities were 
very poor, but he secured a deserted barcacks in which he 
oragnized his laboratory (figure 3). This was xot the first 
university chemical laboratory (Lomonosov in Moscow 
(1748) and Thomson in Glasgow (1817) preceded him in 
this respect), but it was the first to offer organized labora- 
tory instruction in chemistry. Due to the brillia.st teaching 
and research Liebig’s laboratory soon attracted students 
from all over the world. Liebig was finally forced to cur- 
tail his activities and moved to Munich as professor in 
1852 to continue in full time reseach. He died there or 
April 18, 1873. Liebig helped to establish the Annalen 
der Pharmacie in 1832, which subsequently became Lie- 
big’s Annalen der Chemie, one of the principal media for 
biochemical communication.™ 
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sity of Giessen (1826) and later at Munich 
(1852), in the initiation of both these concepts. 
Liebig built on the work of several of his con- 
temporaries. Berzelius did much to introduce 
the idea of organic compounds and methods 
for their study through his publications.14-1¢ 
In 1823 Michel-Eugéne Chevreul [1786-1889] 
published his Recherches Chimiques sur les 
corps gras dorigine animale,?* which was the 
foundation of modern lipid chemistry. At this 
same time Jean Baptiste Dumas [1800-1884] 
was developing important analytic technics for 
dealing with organic compounds. Liebig and 
Friedrich Wéohler [1800-1882],° with whom 
he collaborated closely, devoted much of their 
efforts to the study of carbon compounds and 
to the initial syntheses of many of the organic 
compounds familiar to us. Liebig subsequent- 
ly became interested in physiologic and agri- 
cultural chemistry. He wrote the first treatise 
on biochemistry®® and introduced the concept 
and term of “Stoffwechsel” or metabolism. The 


*Wohler was born in 1800 at Eschersheim. He studied at 
Marburg and then at Heidelberg under Leopold Gmelin. 
Gmelin sent Wohler to continue his studies with Berzelius. 
In 1824 he became a teacher at the Berlin Technical 
School and in 1831 was appointed professor at a similar 
school in Kassel. He was appointed professor of chemistry 
at the University of Géttingen in 1836 and remained there 
until his death in 1882. His Lehrbuch der Chemie pub- 
lished in 1875 was a popular text for many years. The 
proximity of Kassel and Géttingen to Giessen must have 
facilitated his many collaborations with Liebig.1* 
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Liebig’s laboratory at Giessen, from a drawing by Trautschold in 1842. 
A History of Chemistry (2nd Ed.). 
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[This drawing appears on 
New York, McGraw-Hill, 1939; and on p. 117 


laboratory at Giessen where Liebig worked 
and taught is reproduced from a contempo- 
rary sketch in figure 3. 

The studies of Liebig and Wohler in organic 
chemical structure were continued by many 
workers. Willy Kiihne [1837-1900] introduced 
the modern concept of enzymes with his work 
on intermediates of digestion and the effects 
of pancreatic juice and trypsin isolated there- 
from on splitting of proteins. He and Felix 
Hoppe-Seyler [1825-1895] shared the honors 
in isolating hemoglobin and Hoppe-Seyler 
went on to find other respiratory pigments, 
including chlorophyll, thus anticipating the 
definitive work of men like Warburg and Keilin 
some 50 years later. Albrecht Kossel [1853- 
1927] studied the chemistry of the cell and 
the cell nucleus, giving us the nucleic acids 
and some of their purine constituents, as well 
as recognizing amino acids as the “Bausteine” 
of proteins. Emil Fischer [1852-1919] extend- 
ed such work on protein structure and was in- 
strumental in elucidating carbohydrate struc- 
tures. Indirect contribution to this and other 
areas of research came from Louis Pasteur 
[1822-1895] in his studies on stereochemistry, 
from Michael Faraday, August Kekulé, and 
Jacobus van’t Hoff on valence and bond theo- 
ries, and from Thomas Graham, Svante Ar- 
rhenius, van’t Hoff, and Wilhelm Ostwald in 
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gas diffusion, osmotic forces, and dialysis (dis- 
tinction of colloids from crystalloids). There 
were, of course, many other important con- 
tributors and contributions. 

Turning to Liebig’s other main concept, me- 
tabolism, it is important to recall the general 
belief at the beginning of the nineteenth cen- 
tury that only plants could synthesize complex 
compounds, which must be supplied ready- 
made and that there was a dis- 
tinction between inanimate nature and living 
matter, which possessed a vital or life force 
(a vestige of the “spirits” or “pneuma” con- 
cepts of Aristotle and Galen). These two be- 
liefs were completely supplanted by the studies 
of Liebig and Wohler. In 1828 Wohler re- 
ported the artificial preparation of urea (from 
heating lead cyanate with aqueous ammonia).!48 
Scheele had already synthesized the first or- 
ganic compound (oxalic acid) much earlier, 
but Wohler’s artificial urea dealt the death 
blow to the idea of a vital force and was fol- 


to animals, 


lowed shortly by other similar preparations. 
At the same time Wohler published his first 
paper on the excretion of hippuric acid by an 
animal fed benzoic acid.147 In close collabora- 
tion with Liebig, Woéhler extended and con- 
firmed these studies in a later paper.'4® Not 
only did this observation produce the demise 
of the belief that only plants could synthesize 
complex compounds, but it resulted in the con- 
cept of “Stoffwechsel” 
Liebig introduced shortly thereafter. 
mal 


or metabolism, which 
The ani- 
synthesis of uric acid from ammonium 
carbonate was soon demonstrated, and begin- 
ning in 1848 Claude Bernard published a 
series of papers in which he not only isolated 
glycogen from the liver but showed its forma- 
tion there from glucose, and vice versa.!! 
Since these discoveries, metabolism has fol- 
lowed two parallel courses: the detailed steps 
or course of metabolic reactions and the mech- 
anisms responsible for them. Most of the ini- 
tial work was done on microorganisms (pri- 
marily yeast cells) or on muscle. Studies on 
digestion by Kiihne, Bernard, and others and 
on fermentation of wines and beer by Pasteur 
firmly established the enzyme concept. In 
1896 Eduard Biichner reported fermentation 
of sugar by cell-free yeast juice, which he 
called zymase. This accidental discovery pro- 
vided the first evidence that enzymes were 


cellular constituents not functions of whole, 
living cells. This work was soon extended by 
Arthur Harden, Carl Neuberg, and others, and 
the isolation of the first pure, crystalline en- 
zyme (urease) was achieved by James Sum- 
mer in 1929. The specificity of enzymes was 
propounded by Emil Fischer and the concept 
of coenzymes followed. The identification of 
the latter as vitamins was materially assisted 
by the observations of Eijkman, Goldberger, 
and Funk on the deficiency states of scurvy, 
pellagra, rickets, and beri-beri, the relief of 
which Funk believed to be due to “vitamins.” 

The pioneer observations of Spallanzani on 
tissue respiration were confirmed and led to 
the elucidation of the steps in respiratory me- 
tabolism during this same period. H. G. 
Magnus, in a detailed study of blood gases in 
1837, found evidence for tissues being the site 
of oxidation. This was confirmed by direct 
study of tissues by Pfliiger in 18751 
Hoppe-Seyler, 


and by 
using crude apparatus for the 
observation of gas interchanges by tissues, in 
connection with his work on respiratory pig- 
ments. From Pfliiger’s work came the concept 
of the respiratory quotient and the values for 
various types of foodstuffs, which were ex- 
tended to intact animals and to man by Voit 
and Rubner, following pioneer work by Reg- 
nault and Reiset. 

Considerably before these studies, Scheele 
had isolated lactic acid from milk and Girtan- 
ner had suggested to Richerand in 1800 that 
muscular contraction was due to the splitting 
DuBois- 
Reymond had observed acid liberation from a 
tetanized muscle [1845], which Kronecker 
later identified as lactic acid [1871]. Adolph 
Fick was apparently the first to suggest an 
association of carbohydrate metabolism with 
muscle contraction [1867], and in 1882 he 
demonstrated that chemical energy in muscle 
can produce work without prior heat produc- 
tion. Claude Bernard pointed out that lactic 
acid production was an accompaniment of 
muscle contraction and not, as was then be- 
lieved, the cause of it [1877]. It remained for 
Walter Fletcher and Frederick Gowland Hop- 
kins to demonstrate that lactic acid was formed 
in the absence of oxygen*® and for Hans Win- 
terstein to show that oxygen was necessary for 
recovery from anzerobiosis.1** 


of a chemical substance in muscle.” 
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Fic. 4. Drawings of the blood-gas apparatus of Bar- 
croft and Haldane [Reproduced from p. 233 of Bar- 
croft, J. and Haldane, J. S.: A method of estimating 
oxygen and carbonic acid in small quantities of blood. 
Journal of Physiology 28:232-240 (1902)]. 


At the beginning of the twentieth century 
the metabolism and enzyme studies began to 
merge rapidly. John Scott Haldane and Joseph 
Barcroft introduced their apparatus for gas 
analysis of blood and tissues in 1892. An early 
model is reproduced in figure 4. Gustav Emb- 
den and Otto Meyerhof began their studies on 
glycolysis, utilizing the enzymatic data from 
yeast (which Harden, Neuberg, and others 
were reporting) for application to muscle. Otto 
Warburg initiated his studies on oxidation and 
respiratory pigments, drawing on the previous 
work of Hoppe-Seyler, Vernon, and Batelli and 
Stern. Warburg developed from the designs 
of Haldane and Barcroft and of Thunberg and 
Winterstein the apparatus which is so familiar 
to us today. With these developments we reach 
our own period in which the metabolic activities 
of tissues were rapidly delineated. The details 
of this recent story have been reviewed by 
Keilin,** Lipmann,’? Meyerhof,®! and War- 
burg!’ and will not be considered further. 

Before concluding this discussion, there are 
a few footnotes to be added. Dumas is cred- 
ited with discovering the effects of iodine on 
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goiter. Subsequently the field of endocrinology 
and internal secretions developed, so that by 
the end of the nineteenth century much basic 
data had been obtained. Von Mering and Min- 
kowski reported on their studies relating the 
pancreas to diabetes in 1889, which led to the 
isolation of insulin by Banting and Best some 
30 years later. At about the same time Schiifer 
and his associates isolated ¢ pressor substance 
from the adrenals and began work on the pitui- 
tary [1894]. In 1866 Gregor Mendel, the ab- 
bott of the monastery at Briinn, described his 
experiments on hybridization of peas. This 
work did not come to general notice until 
about 40 years later, but the subject of hered- 
ity and natural selection put forth by Darwin, 
Huxley, Haeckel, and Galton resulted in the 
emergence of the science of genetics as Men- 
del’s work received recognition. Garrod ap- 
plied these new findings to biochemistry as 
early as 1906 in his study of alcaptonuria*® 
and evolved the concept of “inborn errors of 
metabolism” and a biochemical basis for genet- 
ics.47 In 1895 Roentgen described x-rays and 
the next year Henri Becquerel observed radia- 
tions from uranium. The latter discovery was 
soon expanded in the studies on radium by 
Pierre and Marie Curie. Thus, the field of 
radioactivity and isotopes began. The pioneer 
work of Georg Hevesy in 1923,5° demonstrat- 
ing that plants handled a radioactive lead iso- 
tope (Thorium B) in an identical manner to 
stable lead, established the basis for the use 
of isotopes in biochemical investigations. The 
basis for another valuable present day investi- 
gative tool was laid by the studies of Michael 
Tswett on the adsorption of substances on cal- 
cium carbonate. These were the precursors of 
our current chromatographic technics. Finally 
there were the relevant contributions of Sid- 
ney Ringer in developing Ringer's solution, of 
Claude Bernard in his concept of the “milieu 
interne,” of Liebig in considering potassium to 
be intracellular and sodium extracellular,’* and 
of the immunological developments of Jenner, 
Ehrlich, and Koch. 


THE EMERGENCE OF NEUROCHEMISTRY 
A. CHEMICAL CONSTITUTION OF THE 
NERVOUS SYSTEM 

During most of the nineteenth century, 
chemical investigation of the nervous system 
did not equal the developments in neurophys- 
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iology and in biochemistry. However, the in- 
fluences of careful analysis and of organic 
chemistry became quickly apparent. It is to 
Fourcroy’s pupil, Louis Nicolas Vauquelin 
[1763-1829] that we owe the application of 
quantitative analysis to the brain. There were 
a few prior studies, concerned largely with 
volatile and non-volatile proportions, but Vau- 
quelin® published the first complete analysis 
in 1811.!*° His scientific reputation was out- 
standing and this chemical analysis of the 
nervous system was widely quoted even after 
Thudichum. His paper of 1811 was reprinted 
in French, English, and German journals in 
1813,!3°.131 The latter 
source is reproduced in figure 5. Vauquelin 
was apparently unaware of previous studies, 
Thouret, and 
Fourcroy, but in the German reprinting J. F. 


summary from the 


except for those of Burrhus, 


John added footnotes referring to the work 
of Hensing and a number of other eighteenth 
century studies. This publication apparently 
represents the principal source for later re- 
views of the early literature. 

Vauquelin’s analysis, summarized in figure 
5, approximated those of Thudichum and pres- 
ent day investigators with the exception of the 
lipid fraction, for which Vauquelin used only 
alcohol as extractant. Ether was not commonly 
used for such purposes at the time and chloro- 
form had not yet been synthesized, so that 
this discrepancy is quite understandable. Vau- 
quelin confirmed previous estimates of water 
content and established Fourcroy’s contention 
that “albumen” was a major constituent of the 
solids. He recognized the principal inorganic 
constituents ( potassium, calcium, magnesium, 
sodium chloride, phosphate, and sulfur) as 


*Vauquelin was born on May 16, 1763 at St. André d’Heé- 
bertot. After beginning as a pharmacist in Roven and 
Paris, he became “préparateur” (assistant) with Fourcroy 
in 1783. Vauquelin was appointed apothecary to the Mili- 
tary Hospital at Melun, inspector of mines for the French 
government, and adjunct in chemistry at the Ecole Poly- 
technique. In 1801 he was also appointed professor of 
chemistry at the Collége de France and director of the 
Ecole spéciale de Pharmacie. Then in 1804 he succeeded 
Fourcroy as professor of chemistry at the Jardin des Plantes 
and in 1809 at the Paris Faculty of Medicine. He retired 
in 1822 and died in the town of his birth on October 14, 
1829. Vauquelin was associated with some of the great- 
est chemists of his era at the center of French chemistry, 
the Musée d'Histoire naturelle at the Jardin des Plantes in 
Paris. He worked in all branches of chemistry—minerals, 
metals, inorganic and organic (both vegetable and ani- 
mal)—and published extensively. It is of historic in- 
terest that Vauquelin and Robiquet isolated and character- 
ized the first amino acid, asparagine (from asparagus), in 
1806, four years before Wollaston isolated cystine." 





‘ 





§. > 
Allgemeines Resultat. 


Die Hirnmasse ist folglich susammengesetzt : 

1. Aus swei fetten Materien, welches vielicicgt 
eive und dieselbe: sind. 

2. Aus Eiweifsstoff *). 

5. Aus Osmazome. 

4. Aus verschiedencn Salzen und unter anderen 
phosphorsaurem Kalk, phosphorsaurem Kali, phos- 
‘phorsaure: Bittererde und ein weuig Kochsalz, 

5. Aus Schwefel. 

6. Aus Phosphor. 

Ich halte dafur, so weit es in einer so schwieri- 
gen Arbeit miglich ist, dafs diese Substanzen in fol- 
gendem Verhiltuisse vereiniget sind, namlich: 


a. Wassersungefthr . . . . & 
2. Weifser fettiger Materie . . . 4,58 
5. Rother fetliger Materie . . . ego 
4. Eiweifsstoffs ‘ A a J % 
5. Osmazoms .,, 5 " 3 . 1,13 
6. Phosphors ° > e ° ° 1,50 


7- Saure, Salze uod Schwefels . . 5,35 
100,00, 


*, Welchor wahrecheinlich halbgeronnen und im Wasser nicht 
@igenthch aulivelich ast, John. 





Fic. 5. Vauquelin’s analysis of the chemical compo- 
sition of human brain. [Reproduced from p. 452 of 
Vauquelin, L. N.: Analyse des Hirnmarks von dem 
Menschen und von einigen Thieren. Journal fiir Che- 
mie und Physik 8:430-460 (1813)]. The original 
paper of 1811 could not be copied due to the fragile 
condition of the volume. 


well as the organic extractives, “osmazome” (a 
term introduced by Thénard to describe meat 
extracts or broths). Finally he established the 
presence of fatty material which was quite dis- 
tinct from ordinary fats and oils and from the 
spermaceti and soaps of Burrhus and Thouret. 

Vauquelin also studied the cerebellum, me- 
dulla, spinal cord, and nerves. He did not pub- 
lish his analyses nor did he distinguish cerebral 
gray from white <nalytically, but he noted that 
the medulla and cord contained a great deal 
more fatty material and less water and “albu- 
men” than the cerebrum, while the cerebellum 
was similar to the latter. His analysis of nerves 
was probably the earliest of true analytical 
studies, since prior reports cited by Sémme- 
ring 111. pp- 187-189 were largely qualitative in 
nature. Vauquelin’s results on nerves were 
less comparable with current data than his 
central nervous system values, but he recog- 
nized their similarity in composition to the 
latter. 
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Vauquelin was concerned, as was Hensing 
nearly a century before, with the natural state 
of the fractions he had isolated. He was cer- 
tain that some of the phosphate and the sulfur 
were combined with the fatty matter and 
thought some phosphate might also be con- 
tained with “albumen.” He considered it un- 
likely that the “albumen” and fatty matter 
were intimately combined because of their 
ready separation from each other in water 
emulsion, where the osmazome and salts re- 
mained dissolved. He suggested a simple mix- 
ture in which the “albumen” functioned as an 
“emulsifier” for the fatty material. Vauquelin 
recognized the potential value of these obser- 
vations to elucidation of function, but he pre- 
ferred not to speculate in view of the uncer- 
tainties in regard to central nervous system 
functions. 

The impact of this study by Vauquelin is 
apparent from the numerous investigations of 
the same nature which followed, culminating 
in the definitive work of Thudichum in 1884. 
Despite the controversies and public debates 
over the results of some of the later work, they 
all confirmed Vauquelin’s basic findings and 
merely began to fill in the details. Thudi- 
chum!*5. P- 215 comments, perhaps a bit harshly: 

“Vauquelin’s data are perfectly correct as far as 
they go. They furnished an excellent basis upon 
which the more perfect methods of later times 
might have built a complete analysis of brain mat- 
ter. But the later analysts were all deficient in that 
appreciation of the totality of the subject which 
alone gives power for exhaustive research. With 
the one remarkable exception of Couerbe they were 
men of detail, fishing for some chemical object of 
passing interest and neglecting their predecessors, 
as well as the physiological philosophy of the im- 
portant organ upon which they undertook to op- 
erate,” 

Vauquelin’s analyses were rapidly confirmed 
by J. F. John, using a variety of species (calves, 
deer, chickens, oxen, crayfish, and man).® In 
1826 Leopold Gmelin isolated a flaky crystal- 
line fat from brain, which he showed to be 
identical with “cholestrin” from gallstones.®* 
Gmelin and also Kiihne isolated a “pulverant 
brain fat,” which Couerbe later characterized 
as “stéaroconote” (= phosphatides).!*5 Jean 
Louis Lassaigne, who served as Magendie’s 
chemist reported data on retina and optic 
nerve™® and on cerebrospinal fluid. He re- 
ported the following percentage compositions: 
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Albu- Osma- 
Water men xzme Fats _ Salts 


Horse CSF: 98.180 0.035 1.104 — 0.679+ 
Retina: 92.90 6.25 — 0.85 a 
Optic nerve: 70.36 24.82 0.42 4.40 © 


(*Included with osmazome ) 
CSF salts included: common salt—0.610, carbonate of 
soda—0.060, phosphate of lime—0.009 and trace of car- 
bonate of lime. 

The chemical analysis of brain published in 
1834 by J-P Couerbe* was one of the few 
major contributions between Vauquelin and 
Thudichum. Couerbe concentrated on the 
fatty materials of the brain from which he iso- 
lated five fractions, summarized as follows: 


“Voice le tableau de ces substances: 


1° Graisse jaune pulvérulente = stéaroconote, 
[phosphatides] 
2° Graisse jaune élastique = céphalote, 
[?cephalins] 
3° Huile jaune rougeatre = éléencephol, 
[a degradation product] 
4° Matiére grasse blanche de Vauquelin = 
cérébrote, [“protagon”] 

5° Cholestérine.”26, p. 164 
The probable contents of these fractions, ac- 
cording to Thudichum,'** are indicated in 
brackets. These studies foreshadowed those 
of Thudichum, indicating that definite “com- 
pounds” might be isolated from the gross brain 
fractions. Couerbe emphasized this point by 
rublishing elementary analyses for each of his 
“compounds”— the first example of the use of 
elementary analysis in brain chemistry. His 
analysis for cholesterol was remarkably good 
(C = 84.895; H = 12.099; 0 = 3.006 com- 
pared to the theoretical 83.93, 12.00, and 
4.07, respectively ). 

Couerbe’s work was remarkable in another 
way. He felt that such studies ought to help 
clarify physiologic observations and provide 
a basis for combatting diseases of the nervous 
system. In his paper he mentions observations 
on brains from patients with insanity or idiocy, 
stating that, whereas the normal percentage 
of brain phosphorus was 2. to 2.5, the phos- 
phorus from idiots’ brains was never over 1.5 
and that from lunatics’ brains was always 3 
to 4.5. He says: “II faut donc en conclure que 
cet élément (phosphore) est le principe ex- 
citant du systéme nerveux.” 26, p- 1%! While the 
°No biographic data on Couérbe has been located, al- 
though his controversy with Frémy and the Paris Academy 


of Sciences over his findings of sulfur in his brain fractions 
must have made him prominent enough at the time.’ +! 
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logic of this conclusion may not impress us, 
it is noteworthy as one of the earliest attempts 
to relate such experimental data to neuronal 
function and dysfunction. It is interesting to 
see a repetition of Hensing’s idea of the im- 
portance of phosphorus to cerebral function- 
ing. Couerbe’s concept is said to have been 
popularized at the time in the phrase: “Ohne 
Phosphor, keine Gedanke!”*° 

The ideas proposed by Couerbe awakened 
little scientific interest. His contemporary, Ed- 
mond Frémy [1814-1894], was content to criti- 
cize Couerbe’s analytical errors and to contrib- 
ute the isolation of oleophosphoric acid, olein 
(= palmitin), margarin (= stearin), and fatty 
acids from cerebral lipids.** Nicolas Gobley 
[1811-1876] extended these studies by ob- 
taining phosphoglyceric, oleic (= palmitic), 
and from com- 


pounds he designated as lecithin and cerebrin 
(=F 


margaric (= stearic) acids 
cerebrosides), which he showed by anal- 
ysis to be identical to similar compounds in 
yolk.58 
followed. W. Miiller, in his extensive analyses, 
isolated 


egg Numerous studies of this nature 


acid (?from 


xanthine or hypoxanthine), “leucine” (= gly- 


creatine, inosite, uric 


cine), and lactic acid.» The “protagon” isolat- 
ed by Liebreich*! was soon proved to be a mix- 
ture of compounds by Diakonow,*! Strecker,!*° 
and others, although considerable controversy 
over it persisted into the twentieth century.!*7 
Adolph Strecker [1822-1871] demonstrated the 
composition of lecithin to comprise a fatty 
acid, phosphoglyceric acid, and choline or 
neurin.'*° The results of these and many other 
studies were to advance the understanding of 
the nature of cerebral lipids, which Fourcroy 
and Vauquelin had demonstrated to be so dif- 
ferent from the usual animal fats. 

One publication during this period provides 
a refreshing contrast. In 1854 Ernst Von 
Bibra® published his Vergleichende Untersu- 
chungen iiber das Gehirn des Menschen und 
Wirbeltiere. We unable to 
locate a copy of this work, but judging from 
Thudichum’s brief summary'?? it must have 


der have been 


*Von Bibra was born at Schwebheim on June 9, 1806. 
He studied for medical and law degrees at Wiirzburg. 
Being independently wealthy, he conducted his experiments 
on natural history (particularly from a chemical stand- 
point) on his estate and in Niirnberg. He travelled exten- 
sively and won several awards for his study on the sick- 
ness of match factory employees. He died at Niirnberg, 
June 5, 1878.» 


been an excellent study. Thudichum was crit- 
ical of Von Bibra’s method of expressing an- 
lytical results and did not rate it very highly. 
However, it is apparent that Von Bibra was 
the only one after Vauquelin to examine vari- 
ous parts of the human brain systematically. 
He noted gray matter than 
white matter and three to four times as much 
ether extractable material in the latter com- 
pared to the former. 


more water in 


His analyses were ex- 
tended to birds, amphibia, reptiles, and fish, 
in addition to a variety of mammals. In ad- 
dition, he examined fetal brains, finding much 
less ether-extractable material, and observed 
in the newborn an increase in this fraction 
together with a decrease in water content. 
Finally he studied the brains of patients with 
but Thudichum, while ac- 
knowledging these to be of great interest, 
fails to enlighten us on his findings. The 
contributions of Von Bibra would seem to be 


mental diseases, 


as fundamental as those of Thudichum. 
The utilization of analytical and organic 
chemical knowledge, exemplified by the fore- 
going studies, reached its culmination in the 
work of Johann Ludwig Wilhelm Thudichum °° 
carried out between 1865 and 1882. It is in- 
teresting that his chemical investigations of the 
brain were supported by the Privy Council 
(later the Local Government Board) through 
its Medical Officer, Sir John Simon, with a 
view to discovering the effects of typhus on 
the brain. This objective, as far as we are 
aware, was never achieved, and in fact Thu- 
dichum was insistent that complete knowledge 
of the normal constitution of the brain was 
required before one should entertain patho- 
logic aspects. Thudichum made a number of 
reports of his progress to the Privy Council and 
Local Government Board and by 1874, in his 
report for the previous year, was able to pre- 
sent a fairly comprehensive account of his 


*°Thudichum was born in Biidingen on August 27, 1828. 
He studied at the University of Giessen and at Heidelberg, 
receiving his medical degree from Giessen in 1851. While 
at Giessen he was influenced by Liebig to develop a keen 
interest in chemistry. After serving as a military doctor in 
Schleswig-Holstein, he emigrated to London in 1853 where 
he set up a medical practice in otology and rhinology. He 
was appointed lecturer in chemistry at the Grosvenor Place 
School of Medicine in 1858 and lecturer in pathological 
chemistry at St. Thomas’ Hospital in 1865. He retired in 
1871 to continue work in his private laboratory. During 


his career he published numerous papers and books rang- 
ing from the pathology of urine (1858) and nature of gall- 
stones (1863) to a treatise in 1895 on The Spirit of 
Cookery. He died in London on September 7, 1901.%+% 
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Fic. 6. Apparatus used by Thudichum for his analyses of brain: On the left a suction-filtration unit; on the 


right a sieve and rubbing brush for “comminuting brain.” 


[Reproduced from pages 127 and 115 respectively 


of his 1874 report to the Medical Officer of the Privy Council ™]. 


findings.'*° Several pieces of his apparatus 
were depicted in that report (figure 6). These 
studies were published in 1884 as A Treatise 
on the Chemical Constitution of the Brain (fig- 
ure 7) and later in a German translation as 
Die chemische Konstitution des Gehirn des 
Menschen und der Thiere.126.127 

Thudichum isolated and characterized most 
of the major constituents or classes of constitu- 
ents of the brain which we recognize today. 
These include the phosphatides (lecithin and 
cephalins, of which he recognized two, pos- 
sibly three), sphingomyelin, sulfatides, cere- 
brosides, cholesterol, and a majority of the 
trace solutes. He determined the probable 
composition of the lipid constituents, recog- 
nizing phosphatides as combinations of phos- 
phoglyceric acid with fatty acids (oleic, stearic, 
and palmitic), and a base (choline, ethanola- 
mine, or an unidentified compound), sphingo- 
myelin as a diaminophosphatide derived from 
sphingosine, and cerebrosides as phosphate- 
free nitrogenous compounds containing galac- 
tose. It is to Thudichum that we owe the 
flowery Greek terminology which he gave to 
his newly identified compounds. In addition 
Thudichum determined the quantitative distri- 
bution of the various constituents in gray and 
white matter of human brain. His summary 
analysis, reproduced in figure 8, compares 
favorably with those of today. 
With such an analytical basis, it is regret- 
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THE CHEMICAL CONSTITUTION 
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THE BRAIN. 
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Fic. 7. Title page of Thudichum’s treatise, published 
in 1884. 





table that Thudichum did not see fit to apply 
his knowledge and technics to the problems 
of function and disease. He writes: 

I have shown the morbid alteration of 
the nerve marrow in locomotor ataxia, and the oc- 
currence of a kind of glycohemia to be intimately 
connected with patholytic changes in substances of 
the group of cerebrosides. I could go further and 
unfold, chemical connection between the 
function of the liver and that of the brain . . . 
But I have (in early stages of my work) formed 
the resolution never to propound a generalization 
on any subject before having proved the validity 
of all data obtainable by observation or experi- 
ment. And I may say that I have not yet found 
any subject in chemical biology on which, gov- 
erned by that resolution, I should have liked to 
proceed to generalization. 

The principal reason for this abstension is the 
circumstance that the data or so-called facts avail- 
able in chemical biology are yet too incom- 
plete, and therefore unsuitable for connected tre at- 


ment except with the aid of hypothesis . 
126, pp. viii-ix 


e.g., a 


as 


Thudichum concludes his book in a like vein: 


“When the normal composition of the brain shall 
be known to the uttermost item, then pathology 
can begin its search for abnormal compounds or 
derangements of quantities. I believe that 
the great diseases of the brain and spine, such as 
general paralysis, acute and chronic mania, mel- 
ancholy, and others, will be shown to be connect- 
ed with specific chemical changes in neuroplasm. 

In short, it is probable that by the aid of 
chemistry many derangements of the brain and 
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mind, which are at present obscure, will become 
accurately definable and amenable to precise treat- 
ment, and what is now an object of anxious em- 
piricism will become one for the proud exercise 
of exact science.” 126, pp. 259-60 

Thudichum’s work marked a turning point 
in the development of neurochemistry. A few 
investigators continued in this same line of 
study. Notable among these were Petrow- 
sky,!°' Chevalie and Halliburton® in Ev- 
rope and the first brain chemists in the United 


> 


;* 


States?4 — Russell Chittenden at Yale, who 
reported with Kiihne on_ neuro-keratin;™ 
Phoebus Levine at the Rockefeller Institute 


who refined Thudichum’s analytical methods; 
and Waldemar Koch at Chicago, who, with 
his sister, Mathilde at the Wistar Institute, 
initiated detailed studies of the correlation of 
nervous system development with changes in 
its chemical composition.®*:7° But until the 
present era, when chemical architecture of the 
the em- 
phasis shifted largely to investigation of the 


nervous system is again under study, 
chemical bases of metabolism and function. 
B. METABOLISM AND ACTIVITY 
With the strides made by 
elucidating the chemistry of yeast and muscle 
metabolism and activity, it is not surprising 
that their methods and concepts were shortly 
applied to the nervous system. These applica- 


biochemists in 


TABLE SHOWING RESULTS OF THE QUANTITATIVE ANALYSIS OF A HUMAN BRAIN. 
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Fic. 8. Thudichum’s table summarizing the results of his analyses. [Reproduced from p. 257 of his 1884 


treatise '*]. 








ome 
eat- 
em- 
cise 


pint 
few 

of 
ow- 


Eu- 


vho 
tute 
rds; 
vith 
ute, 
1 of 
; in 
the 
the 
em- 
the 


in 
scle 
sing 
rtly 
ica- 


BINFALIISNOD 40 NOILP INV IO 








tions at the beginning of the twentieth century 
were preceded by some isolated observations. 

Between the time of Stenson and of Astley 
Cooper, the importance of blood supply and 
oxygen to the functioning of the nervous sys- 
tem had been established. Spallanzani had 
demonstrated the effect of lowered body tem- 
perature on survival under anoxic conditions'™® 
and Aubert in 1881 reaffirmed these observa- 
tions.© Claude Bernard elucidated the mech- 
anism of carbon monoxide poisoning as a dis- 
placement of oxygen by carbon monoxide in 
the red cell.!* Gathgens in 1866 observed that 
cyanide depressed the oxygen utilization of the 
body,** and in 1888 Geppert showed that this 
correlated with the inability of cells to remove 
oxygen from the blood.*! 

Spallanzani had located the site of respira- 
tion in the tissues and demonstrated in vitro 
respiration of brain, muscle, and other tis- 
sues.''* Magnus had confirmed the former? 
and Pfliiger the latter.!°? Ranke made some 
early observations on spinal cord in this con- 
nection.!°* Barcroft finally established these 
principles on a modern basis for all tissues, 
including brain. MacMunn had isolated “myo- 
hematin” and “histohematin” in 1884,5%.59 
but this was overlooked until much later.®7 
In his experiments with dyes administered in 
vivo, Paul Ehrlich not only demonstrated the 
blood-brain barrier phenomenon but also ob- 
served the decolorization (reduction) of such 
dyes on tissue activity, which he took to indi- 
cate an increased oxygen requirement during 
such activity.** C. A. Herter later repeated 
these studies with more attention to these ef- 
fects in neural tissues.57 

In 1859 Funke observed an acid reaction 
of the spinal cord during activity and _ identi- 
fied it with lactic acid.44 Ranke!* and Lan- 
gendorff?* found increased lactic acid produc- 
tion on electrical or strychnine stimulation of 
the cord. These observations were quantitated 
by Moleschott and Battistini in 1887, using 
excised samples of resting or stimulated nerv- 
ous tissue. Their results, in relative values, 
were as follows: 


Frog Rabbit Dog 
CNS Cord Gray Matter 


Curarized or resting: 100 100 100 
Stimulated (electrical 
or strychnine): 158 173 127 


(Determined by titration using phenolphthalein indicator. ) 
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These studies must be among the earliest 
quantitative metabolic studies on neural tissues. 

It may surprise many workers today to find 
that, when metabolic studies of the nervous 
system were taken up in earnest, the initial 
studies were carried out in vivo or on whole 
frog cord-nerve-muscle preparations in vitro. 
Attempts to measure cerebral metabolism by 
simultaneous carotid and jugular blood sam- 
pling were made by Flint in 1862 for choles- 
terol, and in 1890 by Schtscherbak for phos- 
phate and by de Meyer for sugar.'6. p. 530 
Less phosphate was found in jugular blood of 
normal dogs than in that from dogs under 
morphine narcosis, while the sugar content of 
jugular blood was observed to be less than 
the carotid content. 

In 1895 Hill and Nabarro*® published their 
studies on the oxygen and carbon dioxide con- 
tents of carotid, torcular, and (femoral) venous 
blood from dogs narcotized with morphine 
both at rest and with seizures induced by in- 
travenous oil of absinthe. Measurement of 
blood flow was not attempted and the effect of 
morphine narcosis was not appreciated. Nev- 
ertheless, this study represents the earliest ex- 
periment on cerebral respiratory metabolism 
in vivo. Saunders and Mayo in the eighteenth 
century had both emphasized the relatively 
large blood flow to the brain, and in 1904 
Jensen confirmed this by measuring blood flow 
in brain and muscle.** He reported in the dog 
a cerebral flow of 138 ml./100 g./min. com- 
pared to 12 ml./100 g./min. for muscle. The 
observations of Hill and Nabarro and of Jen- 
sen were combined in the studies by Alexan- 
der and his co-workers a few years later, using 
unanesthetized, narcotized, and photic stimu- 
lated dogs.*. Alexander and Révész* found 
cerebral oxygen consumption of the “resting” 
dog brain to be 13 cc./100 g./min. or higher 
(as recalculated by Himwich*’) compared to 
a much lower figure for muscle. They found 
a slightly increased uptake on photic stimula- 
tion and a marked decrease during narcosis by 
various agents. The latter finding accounted 
for the low values which Hill and Nabarro 
had obtained. Gayda repeated these studies, 
utilizing the gas analysis methods of Haldane 
and Barcroft.®°. The subsequent developments 
in this field are well known, starting about 
1930 with the observations of Lennox™® and 
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Fic. 9. 
frog spinal cord-nerve-muscle preparations. 


Photograph of one of Winterstein’s isolated 
[Repro- 
duced from Fig. 176, p. 444 of Winterstein, H.: 
Methoden zur Untersuchung des iiberlebenden Zen- 
tralnervensystems. pp. 427-462 in Vol. 5, Part 5B of 
E. Abderhalden: Handbuch der biologischen Arbeits- 
methoden. Berlin, Urban and Schwarzenberg, 1938]. 


Lennox and Gibbs?® in man and of Himwich 
and Nahum*! in the dog. The latter authors 
found a cerebral R.Q. of 1.0 and oxygen con- 
sumption of 14 cc./100 g./min. in their dogs. 

Studies in vitro kept pace with those in 
vivo. The initial investigations were carried 
out on isolated frog spinal cord by Baglioni in 
19047 and Hans Winterstein, beginning in 
1907.!42.148 The type of preparation used by 
Winterstein is illustrated in figure 9. We owe 
much to Winterstein and his co-workers for 
the early data they secured on the respiration 
of the cord, its lactic acid production and glu- 
cose utilization, and the effects thereon of tem- 
perature, osmotic pressure, ionic composition 
of media, stimulation, narcosis. These 
studies were later summarized by Winterstein 
in his 1929 review of the subject.14® The use 
of breis and slices of nervous tissues was in- 
augurated by Batelli and Stern in 1908® and 
by MacArthur and Jones in 1917 in the United 
States.87 At the same time Warburg was in- 
troducing his methods and apparatus for the 
study of tissue metabolism,'®® so that these 
technics were quickly adopted by many work- 
ers. Beginning in about 1925 the data there- 
from, with which we are now familiar, began 
accumulating. The studies of Loebel in that 
year are a good example of one of the earliest 
studies of the metabolism of rat brain slices 
in vitro.*4 Some of his results may be sum- 
marized as follows: 


and 


No 
-Q0, co. “RQ. 
Rat cortex slices with 0.2% glucose 14.7 13.6 0.99 
3% ethyl urethane 26% 72% — 
+ 0.02% sodium fluoride 63% 19% _ 
No substrate — 13% 0.86 


(Q values = cu. mm./mg. dry wt./hr. % = % of control.) 

Coincident with these studies on respiration 
and glycolysis, the basis for oxygen utilization 
was being investigated. Ehrlich had found 
that, on injection of dimethyl-para-phenylene- 
diamine and a-naphthol, an oxidative synthesis 
of indophenol took place in various tissues. 
In studying this reaction Réhman and Spit- 
zer'°T concluded that this reaction was due to 
the catalytic activity of an oxidizing enzyme, 
which Spitzer in 1897 proposed to be an iron- 
nucleoprotein compound.!!8 Vernon!* and 
Batelli and Stern’ studied this “indophenol 
oxidase” in a variety of tissues, including brain, 
and the latter workers studied succinic acid 
oxidation as well, finding that the oxidase ac- 
tivity catalyzing these reactions was propor- 
tional to the respiratory activity of the tissue 
studied. The studies with indophenol oxidase 
were one of the precursors of our current his- 
tochemical methods and the procedure is still 
in use in this connection. Warburg!** believed 
these reactions to be due to an iron-containing 
respiratory ferment, analogous to hemoglobin 
in nature and function, but Wieland!*° and 
Thunberg!?® had already reported data sup- 
porting the idea of hydrogen donors (particu- 
larly glucose) and hydrogen acceptors. Ahl- 
gren! and Winterstein’*® found evidence for 
such reactions in nervous tissue. With Keilin’s 
isolation of cytochrome in 1925%* and War- 
burg’s identification of the role of cozymase 
in 1932,188 the links between glycolysis, de- 
hydrogenases, and oxygen requirements began 
to be understood. Such studies were carried 
out on a variety of tissue preparations, but the 
known oxygen and glucose requirements of 
brain tissue and the early metabolic studies 
already discussed resulted in simultaneous ap- 
plication of these investigations to brain sam- 
ples. The preliminary work on the Krebs cycle 
by Szent-Gyérgyi, Quastel, and Krebs?*.1%1% 
and the recognition of the function of phos- 
phocreatine by Meyerhof*.®? brings us to 
the current era. These subsequent develop- 


ments have been adequately reviewed else- 
where.67:71,82,91,137 
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Fic. 10. Reproduction of Peter’s experiments on thia- 
mine deficiency in pigeons: On the left: pigeon ex- 
hibiting opisthotonus at height of dietary deficiency 
(about 10-12 days); on the right: the same pigeon 90 
minutes after intramuscular thiamine (25 yg.) [Re- 
produced from unpublished experiments by Tower 
(1942)]. 


At this time there was an important applica- 
tion of these studies to the correlation of me- 
tabolism in the nervous system with its func- 
tion. Sir Rudolph Peters and his colleagues, 
in studies on the effects of polished-rice diets 
on carbohydrate metabolism of pigeons, were 
struck by the opisthotonus and other manifes- 
tations of neural dysfunction these birds de- 
veloped.®* Gavrilescu and Peters*® observed 
a marked increase in lactate output by brain 
samples from such birds, which they termed 
a “biochemical lesion.” Shortly thereafter Mei- 
keljohn, Passmore, and Peters®®s demonstrated 
conclusively that the metabolic changes in the 
brains of deficient birds were due to the B- 
vitamin deficiency and reported the first evi- 
dence for an in vitro action of a vitamin in 
correcting these abnormalities. The adminis- 
tration of the vitamin in vivo also rapidly cured 
the clinical neurologic manifestations, as illus- 
trated in figure 10. The details of the mech- 
anisms involved (the failure of pyruvate oxi- 
dation due to deficiency of the thiamine-con- 
taining co-enzyme, co-carboxylase) are familiar 
to us. 

These investigations by Peters and his group 
emphasized two important concepts. The first 
was the idea of a biochemical lesion which has 
had numerous applications since, including a 
number of examples of such lesions involving 
the nervous system. The second was the fact 
that study of abnormalities of neural function 
could help to elucidate metabolic mechanisms. 
Peters’ studies contributed significantly to the 
understanding of the «ay in which pyruvate, 
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derived from glycolysis, was utilized for oxi- 
dation — the essential link between glycolysis 
and oxidative metabolism. Here was the prac- 
tical expression of the philosophy of Hensing, 
Couerbe, and others that, by chemical inves- 
tigation of the nervous system, the basis for 
function and dysfunction could be understood. 


Another avenue of research, which bore fruit 
in this same period, also supported this view. 
Swammerdam and his contemporaries won- 
dered “what that very subtle matter properly 
is which is undoubtedly conveyed to the mus- 
cle through the nerve.”*®. p-46 Beginning with 
Fontana, Galvani, and Volta, there had been 
an increasing identification of electricity with 
nerve impulses. DuBois-Reymond established 
the logic of such views, but he himself won- 
dered it the electrical phenomena he demon- 
strated might not be on a chemical basis.4 
Support for this view came during DuBois- 
Reymond’s lifetime. 

Magendie had observed the effects of strych- 
nine on neural activity, and Brodie and Wilson 
Philip had studied the effects of “woorara,” 
tobacco infusions, and opium. Claude Ber- 
nard subsequently demonstrated that curare 
blocked nerve stimulation of muscle, while the 
latter still remained directly excitable.!* The 
anesthetic properties of ether and nitrous oxide 
were observed at this time by Long, Wells, 
and Morton*® and shortly thereafter Locock 
accidentally discovered bromide to be an anti- 
convulsant.8* By 1882 Albertoni had carried 
out the earliest experiments on the effects of 
anticonvulsants, using animals with induced 
convulsions.? The actions of nicotine and pilo- 
carpine on ganglia and muscles were carefully 
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studied in 1890 by Langley,** and Schafer iso- 
lated a pressor principle from the adrenal 
gland the same year.*?:+5 

In 1904 Elliott observed that the action of 
adrenalin closely parallelled that of sympa- 
thetic nerves.27_ Dixon made a similar com- 
parison of the action of muscarine with para- 
sympathetic nerve action in 1906,32 but Hunt 
and Taveau in the same year remarked on the 
striking physiologic properties of acetylcho- 
Dale extended the latter studies in 
1914, observing the “muscarinic” and “nico- 


line.®8 


tinic” actions of acetylcholine and its rapid 
1921 Otto Loewi 
published his first paper on the “Vagusstoff,” 
which very shortly was identified as acetylcho- 


destruction by tissues.2® In 


line. One of the records of Loewi’s earliest 
experiments is reproduced in figure 11. Al- 
most simultaneously Walter Cannon reported 
on the liberation from sympathetic nerves of 
an adrenalin-like substance, which he termed 
“sympathin.”*! With the subesquent recogni- 
tion of acetylcholine and nor-adrenalin as 
transmitter agents, there was also recognition 
of the role of electrolytes as the basis for ac- 
tion potentials — a concept anticipated by the 
membrane studies of Young, Ostwald, Hoéber, 
Nernst, and Bernstein®*® and the original sug- 
gestion by Liebig of the intracellular position 
of potassium and the extracellular position of 
sodium.*® Thus, under- 


the chemical events 


lying the neural activities of conduction and 


Like 


transmission began to be appreciated. 





. & 3. 
Abb. | Ringer. 2. 


periode. 4. 


Esculenta. 1. 


Fic. 11. Loewi’s earliest published record of the effect of the ““Vagusstoff” on his Straub-heart preparation and 
[Reproduced from Fig. 1, 


its prevention with atropine. 


keit der Herznervenwirkung. Arch. f. d. ges. Physiol. 


Ringer aus 15° Vagusreizperiode. 3. 
0,1 
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most of the preceding accounts, this story is b 
still incomplete, but the more recent develop- a 
ments are familiar to us all. | 
k 
NEUROCHEMISTRY AND THE FUTURE " 
Some aspects in the development of neuro- v 
chemistry have been covered only briefly, or 7 
not at all, and the account has been intention- V 
ally ended before the present era. But the ori- a 
gins of and principal factors contributing to 1 
neurochemistry are clear. Interest in the nerv- 
ous system, which began before recorded his- , 
tory, revived and continued to grow after the i 
Renaissance. The applications of chemistry to I 
biologic problems have also grown and the ‘ 
nervous system has shared increasingly in this 
trend. The origins of neurochemistry were ini- t 
tially concerned with chemical composition or 
architecture. Hensing and his contemporaries ( 
founded this branch of neurochemistry, which 
was so ably carried on by Vauquelin, Couerbe, | 
von Bibra, and Thudichum. These men did | 


not work from scientific curiosity alone. They 
felt that such investigations were necessary to 
the understanding of function and dysfunction. 

Biochemistry, the metabolic bases for bodily 
functions, contributed the second branch of 
neurochemistry. The origins here began with 
Spallanzani and his contemporaries, who de- 
lineated the primary factors concerned with 
respiration and digestion, and with Lavoisier, 
Berzelius, and their colleagues, who established 
organic chemistry. Liebig and Wohler com- 
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p. 240 of Loewi, O.: 
189:239-242 (1921)]. 
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bined these concepts to establish biochemistry 
and the idea of “Stoffwechsel.” The application 
of biochemistry to the nervous system soon fol- 
lowed with the studies in vivo by Hill and 
Nabarro and Alexander and co-workers and in 
vitro by Winterstein, Meyerhof, and Warburg. 
Today the foundations established by these in- 
vestigators have grown into the most active 
and fruitful branch of neurochemistry, neural 
metabolism. 

The third branch of neurochemistry has de- 
rived from neurophysiology. The approaches 
initiated by Swammerdam and continued by 
DuBois-Reymond and his contemporaries prob- 
ably contributed more directly to the develop- 
ment of a chemical basis for neuronal conduc- 
tion and transmission. Loewi and Cannon in- 
augurated these studies, which their many suc- 
cessors have established. But the general in- 
fluence of neurophysiologic progress on the 
thinking and direction of neurochemical re- 
search cannot be overlooked. The common in- 
terests of the two fields in neural function 
make it difficult, if not artificial, to keep their 
respective contributions distinct. 
~ A number of other important influences have 
been added to neurochemistry. Pharmacology, 
biophysics, physical chemistry, pathology, bac- 
teriology have all contributed. Most important 
of all, clinical neurology, neurosurgery, and 
psychiatry have profoundly influenced neuro- 
chemistry throughout its development. Any in- 
completeness in acknowledging these and other 
contributions to neurochemistry merely em- 
phasizes the difficulty in assessing all the fac- 
tors in the rich heritage which it can claim 
directly or indirectly. 

As we have defined neurochemistry, it now 
comprises three principal divisions: chemical 
architecture of the nervous system, neural me- 
tabolism, and neural activity. These divisions 
emphasize the principal areas of interest, but 
it is obvious that one is not independent of 
the others. It is also apparent that the com- 
plexion of each division is changing with the 
more recent developments in research method- 
ology and knowledge. 

In the field of chemical architecture at least 
three subdivisions are emerging. The original 
investigations of composition continue with the 
application of newer technics of organic and 
physical methods of isolation, analysis, and 
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characterization. Such work is concerned with 
delineation of the specific units composing neu- 
ral structure and their mode of combination 
into the complexes of neural protoplasm. These 
investigations merge with those studying how 
these structures are synthesized and main- 
tained, an aspect closely allied to protein and 
lipid metabolism. Some investigators in this 
field are tackling more minute details of archi- 
tecture — the chemical organization of individ- 
ual cells and the arrangement of lipid and 
protein molecules in cell components. Cell 
fractionation methods, ultramicrochemical pro- 
cedures, x-ray and ultraviolet absorption tech- 
nics, electron microscopy, and histochemistry 
have some of their principal applications in 
this area. Many investigators using such meth- 
ods would not consider themselves neurochem- 
ists, but they certainly contribute to the grow- 
ing body of neurochemical data. 

The metabolism of neural tissues has many 
ramifications. Studies in vivo provide data on 
over-all metabolic events in the intact nervous 
system, correlating with other aspects of bodily 
metabolism. In addition, there are observa- 
tions on isolated areas of brain, spinal cord, or 
nerve in situ, which may provide valuable in- 
formation for bridging the gap between metab- 
olism and function in vivo and the aspects of 
these which can be assessed in vitro. Many 
physiologic technics, notably correlation of 
electrical phenomena with metabolic events, 
are being applied here, but there is the poten- 
tiality for relating functional responses to cere- 
bral circulation and transfers of compounds 
from and to the blood across neural mem- 
branes and barriers. 

Neural metabolism in vitro encompasses a 
wide variety of methods, from the use of cell- 
containing slices to the use of purified enzyme 
systems. Such studies also have a variety of 
approaches. Some are concerned with syn- 
thesis and maintenance of structural compo- 
nents and the enzymes contained therein. 
Others concentrate on cellular energy produc- 
tion which supports all other activities of the 
cell. Still others involve those aspects of me- 
tabolism which initiate, support, and regulate 
activity of neurons in the reception, conduc- 
tion, and transmission of impulses. Even 
though one of these aspects may be empha- 
sized, the metabolic economy of tissues is so 
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well integrated that all its facets inevitably be- 
come part of any such study. 

Investigations of the neurochemical bases of 
central and peripheral neuronal activity (con- 
duction, transmission) are closely related to 
analogous work in neurophysiology. Tradi- 
tionally acetylcholine and nor-adrenalin are 
thought of in this connection, but the poten- 
tial broader. Other 
transmitter agents are being proposed, as a 
result of the stimulus of neurophysiologic 
studies on central excitation and inhibition. 
The neurochemists have perhaps neglected the 


ramifications are much 


problems of conduction and the functions of 
electrolytes in activity phenomena, problems 
with which the neurophysiologists are actively 
concerned. In terms of cerebral activity the 


horizons are still broad. There are hormonal 


aspects, both originating in the nervous sys- 
tem (such as hypothalamic neurosecretion of 
posterior pituitary hormones) and impinging 
upon the nervous system from elsewhere in the 
body. And there are the problems concerned 
with integrative activity, memory, and mental 
processes. The “spontaneous” mental disorders 
and their experimental counterparts induced 


ACKNOWLEDGMENTS 


The author is deeply indebted to many people for assist- 
ance and advice in the preparation of this paper. Discus- 
sions on various aspects of the subject with Dr. Horace W. 
Magoun, Dr. James O’Leary, Dr. Ward Halstead, and Dr. 
Henry Mcllwain have been most helpful. 

Special appreciation is due to the following: 

The library staff of the United Kingdom Scientific Mis- 
sion in Washington for securing a loan of microfilm copy 
of Thudichum’s 1874 report to the Privy Council. 

The staff of the cultural attaché of the Embassy of the 
Federal Republic of Germany in Washington for locating 
a copy of Hensing’s dissertation. 

The librarian of the University of Marburg, West Ger- 
many, for permitting us to obtain a microfilm copy of Hen- 
sing’s work. 


REFERENCES 


1. Antoren, G.: Ueber den Angriffspunkt des Insulins. 
Skand. Arch. Physiol. 44:167, 1923. 

2. Atsertont, P.: Untersuchungen iiber die Wirkung 
einiger Arzneimittel auf die Erregbarkeit des Gross- 
hirns nebst Beitrigen zur Therapie der Epilepsie. 
Arch. exper. Path. u. Pharmakol. 15:248, 1882. 

3. ALEXANDER, F. G. Untersuchungen iiber den Blut- 
gaswechsel des Gehirns. Biochem. Ztschr. 44:127, 
1912. 

4. Avexanper, F. G., and Cserna, S.: Einfluss der 
Narkose auf den Gaswechsel des Gehirns. Biochem. 
Ztschr. 53:100, 1913. 

. ALEXANDER, F. G., and Revesz, G.: Ueber den Ein- 
fluss optischer Reize auf den Gaswechsel des Ge- 

hirns. Biochem. Ztschr. 44:95, 1912. 

6. Auspert, H.: Ueber den Einfluss der Temperatur auf 

die Kohlensiiureausscheidung. Arch. ges. Physiol. 26: 
293; 1881. Cited by Winterstein.™ 


wm 


by various drugs and the role of lipid and pro- 
tein structure at the synapse or some other 
portion of the neuron chain in laying down 
memory traces or stored “information” are iso- 
lated examples of neural activity to which neu- 
rochemistry needs concerted application. 


This brief discussion of the ramifications of 
neurochemistry today has not been exhaustive, 
but it indicates most of the principal features 
of this field. It would require considerable 
temerity to predict its future. The approaches 
and problems discussed here are basically simi- 
lar to those of Elliott®* propounded nearly a 
decade ago. Much of the required informa- 
tion and necessary investigations is obvious. 
It is logical to expect greater advances in the 
functional aspects of metabolism and _struc- 
ture. These advances will inevitably be re- 
flected in a greater understanding of neural 


dysfunction. Neurochemistry cannot be ex- 


pected to solve all these problems. We can 
only concur with Couerbe when he said: 


“Des recherches comparatives faites avec soin 
éclairciront peut-etre des points de physiologie 
trés importans et donneront des moyens propres 4 
combattre les maladies de cet organe.” 26, p. 163 


The staff of the library at the National Institutes of 
Health for their invaluable, cheerful, and patient assistance 
in securing much of the necessary source material. 

The staff of the photostat unit of the N.I.H. photo- 
graphic section for prompt and careful copying of source 
material. 

The Rev. S. X. Winters, S.J., of Georgetown University 
for his expert translation of Hensing’s dissertation. 

And the author’s secretary, Mrs. Virginia L. Gray, for 
her capable bibiliographic researches and many hours of 
overtime in faithful manuscript preparation. 

Without the generous help of these and many other 
people, the completion of this paper within the short time 
available would have been impossible. 


7. Bacuiont, S.: La fisiologia del midollo spinale iso- 
lato. Ztschr. allg. Physiol. 4:384, 1904. Cited by 
Winterstein.1 

8. BARTHOLIN, THOMAS: 
ret.124 

9. Bare ut, F., and Stern, L.: Ueber die Peroxydiisen 
der Tiergewebe. Biochem. Ztschr. 13:44, 1908. 

10. Baterur, F., and Stern, L.: Oxydation des p- 
Phenylendiamins durch Tiergewebe. Biochem. Ztschr. 

46:317 and 343, 1912. 

11. BERNARD, CLAuDE: De la présence du sucre dans le 
foie. Compt. rend. Acad. Sc. (Paris) 27:514, 1848 
[with C. Barreswil]. Also: Ibid. 31:571, 1850; 41: 
461, 1855; 44:578 and 1325, 1857. 

12. Bernarnp, Craupe: Analyse physiologique des pro- 

priétés des systémes musculaire et nerveux au moyen 

du curare. Compt. rend. Acad. Sc. (Paris) 43:825, 

1856; Also: Ibid. 31:533, 1850. 


Cited by Hensing,® Thou- 








ro- 
her 
wn 
iso- 
eu- 


s of 
ive, 
ures 
able 
ches 
imi- 
ly a 
ma- 
ous. 
the 
ruc- 
. re- 
ural 
ex- 
can 


soin 
logie 
res a 
3 


ites of 
istance 


photo- 
source 


iversity 


ay, for 
yurs of 


» other 
rt time 


ale iso- 


ited by 
Thou- 


xydisen 

8. 

des p- 
Ztschr. 


dans le 
4, 1848 
50; 41: 


les pro- 
| moyen 
43:825, 








19. 


20. 


26. Coverse, J-P.: 


. BERNARD, 


. Berzerus, J. J.: 
. Berzenius, J. J.: 
7. Boretui, G.: De 


. Borte, R.: 


21. Cannon, W. B., and Unipm, J. E.: 


. CHevaier, J.: 


. CHEVREUL, 


. Currrenven, R. H.: 


7. Cournvitite, C. B.: 


. Dare, H. H.: 


. Descartes, R.: 


3. DuBors-ReyMonp, E.: 


. DuBors-ReymMonp, E.: 


5. Enruicn, P.: 


. Exurorr, K. A 


7. Ecniotr, T. R.: On the 


Craupe: Sur la quantité d’oxygéne que 
contient le sang veineux des organes glandulaire a 
l'état de fonction et 4 l'état de repos; et sur l’emploi 
de Voxyde de carbone pour déterminer les propor- 
tions d’oxygéne du sang. Compt. rend. Acad. Sc. 
(Paris) 47:393, 1858. 

Berzevius, J. J.: Fgrelaesinngar i Djurkemien. [Lec- 
tures in Animal Chemistry]. Stockholm, 1806-1808. 
Cited by Farber* and Moore. 

Laerbok i Kemien. Stockholm, 
1808-18 et seq. Cited by Farber, Moore.™ 
] Jahresberichte. Published 
from 1810. Cited by Farber,** Moore.” 
Motu Animalium. 


Annual 
Rome. 1680. 
Cited by Fearing.* 

New Experiments, Physicomechanical, 
Touching the Spring of Air and its Effects. Oxford, 
1660. Cited by Farber, Moore.™ 

Brazier, M. A. B.: Rise of neurophysiology in the 
19th century. J. Neurophysiol. 20:212, 1957. 
BreastepD, J. H.: Bull. Soc. Med. Hist. (Chicago) 
3:58, 1923. Cited by Garrison.” 

Studies on con- 
in endocrine glands. VIII. Some 
effects on denervated heart of stimulating nerves of 
the liver. Am. J. Physiol. 58:353, 1921. 
Chemische Untersuchungen der Ner- 
Ztschr. physiol. Chem. 10:97, 1886. 
M-E.: Recherches chimiques sur les 
corps gras d’origine animale. Paris, F. G. Levrault, 
1823. Cited by Farber,** Moore.™ 

The Development of Physio- 
logical Chemistry in the United States. New York, 
Chemical Catalogue Co., 1930. 

Du Cerveau, considéré sous le pointe 
de vue chimique et physiologique. Ann. de Chim. et 
de Phys. (Ser.2) 56:160, 1834. 

Contributions to the Study of 
Cerebral Anoxia. Los Angeles, San Lucas Press, 1953. 
Action of certain esters and ethers of 
Choline and their relation to Muscarine. J. Pharma- 
col. & Exper. Therap. 6:147, 1914. 

De Rozier, P.: Jour. de Phys. 28:418, 1786(?). 
[Part of: Observations sur la Physique, sur l’Histoire 
naturelle et sur les Arts.]. Cited by Thomson, 
p. 609. 


ditions of activity 


vensubstanz. 


Traité de 
Cited by Fearing.*® 


V’'Homme. Paris, 1662. 


. Diakonow: Centralbl. med. Wissensch. No. 1 and 
No. 7, 1868. Cited by Thudichum.2™+?27 
2. Dixon, W. E.: Medical Magazine, August 1907. 


Cited by Dale.*s 
Untersuchungen iiber thierische 
Electricitiét (2 vols.). Berlin, Reiner, 1841 and 1849. 
Cited by Brazier.” 
Gesammelte Abhandlungen 
zur allgemeinen Muskel- und Nervenphysik (2 vols.). 
Leipzig, 1877, Vol. 2, p. 601. Cited by Nachman- 
sohn.® 
Die Sauerstoffbediirfnis des Organis- 
Berlin, Hirschwald, 1885. 
A. Problems in 
Canad. M. A. J. 61:348, 1949. 

. action of adrenalin. J. 
Physiol. 31:xxP, 1904; Ibid. 32:401, 1905. 


mus. 
Neurochemistry. 


38. Farser, E.: The Evolution of Chemistry. New York, 
Ronald Press, 1952. 

39. Fearne, F.: Reflex Action. A Study in the History 
of Physiological Psychology. Baltimore, Williams and 
Wilkins, 1930. 

40. FLercuer, W. M., and Hopkins, F. G.: Lactic acid 
in amphibian muscle. J. Physiol. 35:247, 1906-1907; 
Also: Ibid. 28:474, 1902. 

41, Fontana, F.; Ricerche fisiche sopra il veleno della 
vipera. Lucca, 1767. Cited by Garrison.” 

4la.Fourcroy, A. F.: Examen chimique du Cerveau de 


4 


i 


4 


oo 


. Fremy, E.: 


plusieurs animaux. Annales de Chimie et de Physique 
(Ser. 1) 16:282, 1793. 

Frankuin, K. J.: A Short History of Physiology, 
ed. 2. London, Staples Press, 1949. 

=.: Recherches sur le cerveau. Annales de 
Chimie et de Physique (Ser. 3) 2:463, 1841. 





SECTION ON NEUROCHEMISTRY 
44. 


45. 
46. 
47. 


48. 


49. 


58. 


59. 


63. 


64. 


66. 


68. 


69. 


. Gaypa, T.: 


. Geprert, J.: 


2. GmMetin, L.: 


. Gosrey, N.: 


. Hacuiurton, W. D.: 


. Hensinec, J. T.: 


. Herter, C. A.: 


. Hmwicsa, 


. Hriwwicr, H. E., and Nanum, L. H.: 


. Kerr, D., and Siater, E. C.: 


. Kocu, W., and Many, S. A.: 





29 


Funke, O.: Ueber die Reaktion der Nervensubstanz. 
Arch. Anat. u. Physiol. 26:835, 1859. Cited by Win- 
terstein.'* 7 
Garrison, F. H.: An Introduction to the History of 
Medicine, ed. 4. Philadelphia, Saunders, 1929. 
Garrop, A. E.: The incidence of alkaptonuria: A 
study in chemical individuality. Lancet 2:1616, 1902. 
Garrop, A. E.: Inborn Errors of Metabolism, ed. 2. 
London, Hodder and Stoughton, 1923. 

Gatucens: (Hoppe-Seyler’s) Med. Chem. Unter- 
such., p. 346, 1866. Cited by C. L. Evans: J. Physiol. 
53:17, 1919-20. 

Gavrivescu, N., and Perens, R. A.: Biochemical 
lesions in Vitamin B deficiency. Biochem. J. 25:1397, 
1931. 

Sul ricambio gassoso dell’ encefalo. Arch. 
Fisiol. 12:214, 1914. Cited by Winterstein..“ 
Ueber das Wesen der Blausiurever- 
giftung. Ztschr. klin. Med. 15:208 and 307, 1888. 
Cited by Himwich.” 

Ueber einige im Gehirn der Menschen 
und Thiere vorkommende Fettarten. Ztschr. Physiol. 
(Heidelberg) 1:119, 1824. 

Jour. de Pharm. et de Chim. (Ser. 3) 
11:409; 12:1, 1847. Cited by Thudichum.™™-1" 

Die Biochemie der peripheren 
Nerven. Ergebnisse der Physiologie 4:23, 1905; The 
proteids of nervous tissue. J. Physiol. 15:90, 1894. 
Cerebri Examen Chemicum, ex eo- 
demque Phosphorum Singularem Omnia inflamma- 
bilia accendentem. Giessen, Vulpii, 1719. [Copy in 
the University of Marburg Library: Reference-Signa- 
tur Diss. med. Ri. 10 XI a B 108 y (Ri.)]. 


. HeRpMANN: Essays on the Causes and Phenomena of 


Animal Life. 1795. Cited by Sommering,™ p. 35. 
Ueber die Anwendung reduzierbarer 
Farbstoffe beim Studium der Verteilung von Giften 
und ihrer Wirkungen auf die Zelltitigkeit. Ztschr. 
physiol. Chem. 42:493, 1904; Also: Am. J. Physiol. 
12:128 and 456, 1904-1905. 

Hevesy, G.: The absorption and translocation of lead 
by plants: A contribution to the application of the 
method of radioactive indicators in the investigation 
of the change of substance in plants. Biochem. J. 17: 
439, 1923. 

Hit, L., and Nasarro, D. N.: On the exchange of 
blood-gases in brain and muscle during states of rest 
and activity. J. Physiol. 18:218, 1895. 

H. E.: Brain Metabolism and Cerebral 
Disorders. Baltimore, Williams and Wilkins, 1951. 
The respira- 
tory quotient of the brain. Am. J. Physiol. 90:389, 
1929; 101:446, 1932. 


. Horr, E. C., Grennecr, R. G., and Futon, J. F.: 


Histopathology of the central nervous system after ex- 
posure to high altitudes, hypoglycemia and other con- 
ditions associated with central anoxia. Medicine 24: 
161, 1945. 

Hunt, R., and Taveav, R. M.: On physiological ac- 
tion of certain cholin derivatives and new methods 
for detecting cholin. Brit. M. J. 2:1788, 1906. 
Jensen, P.: Ueber die Blutversorgung des Hirns. 
Arch, ges. Physiol. 103:171, 1904. Cited by Winter- 


stein.1 


. Joun, J. F.: (Gilbert’s) Annalen der Physik. 46:329, 





1814. Cited by Thudichum.™™+! 
Kermin, D.: On cytochrome, a respiratory pigment, 
common to animals, yeast, and higher plants. Proc. 
Roy. Soc. B. 98:313, 1925. 

Cytochrome. Brit. 
M. Bull. 9:89, 1953. 

Kiynersiey, H. W., and Perers, R. A.: Observa- 
tions upon carbohydrate metabolism in birds. I. The 
relation between lactic acid content of the brain and 
the symptoms of opisthotonus in rice-fed pigeons. 
Biochem. J. 23:1126, 1929. 

Kocn, W., and Kocn, M. L.: Contributions to the 
chemical differentiation of the central nervous system. 
III. The chemical differentiation of the brain of the 
albino rat during growth. J. Biol. Chem. 15:423, 
1913. 

A comparison of the 





30 


71. Kress, H. A.: 


74. Lanetey, J. N., and Dickinson, W. L.: 


uw 


76. 


8 


81. 


ge 
a 


88. 


89. 


90. 


90a. 


91. 


9la. 


. Kress, H. A., and Jounson, W. A.: 


. Lancenporrr, O.: 


. Lecarross, J. J. C 


. Lennox, 


. Locock, C.: 
. Loeset, R. O.: 


. Lowry, O. H., and Hastineos, A. B.: 


. MacArrnor, C. G., and Jongs, O. C.: 


. Meyvernor, O., and Surnanyt, J.: 


. MoLescnortrT, 


. Moone, F. J.: 





NEUROLOGY 


chemical composition of three human brains at dif- 
ferent ages. J. Physiol. 36:xxxvi, 1907. 

Some aspects of the energy transfor- 
mation in living matter. Brit. M. Bull. 9:97, 1953. 
Metabolism of 


ketonic acids in animal tissues. Biochem. J. 31:645, 
1937. 
.Kunne, W., and Currrenpen, R. H.: Ztschr. Biol. 


26:292, 1890. Cf. also Ewald and Kiihne: Verhandl. 
med. Naturwissensch. 1:357, 1877. Cited by Page. 
Zur Kenntnis der Zersetzungser- 
scheinungen. Ztrlbl. med. Wiss., No. 50, 1882; Die 
chemische Reaktion der Grauen Substanz. Neur. 
Ztribl., p. 555, 1885. Cited by Winterstein.'* 

On the pro- 
gressive paralysis of the different classes of nerve cells 


in the superior cervical ganglion. Proc. Roy. Soc. 
47:379, 1890; Also: Ibid. 46:423, 1889. 


LassaIGNE, J. L.: Sur la composition du liquide qui 
se trouve dans le canal rachidien. Ann. de Chim. et 
de Phys. (Ser. 2) 33:, 1826. Cited by Poggendorff'® 
and Thomson.' 
LassaIGNE, J. L.: Examen chimique de la membrane 
rétine et des nerfs optiques. Ann. de Chim. et de 
Phys. (Ser.2) 45:215, 1830; 49:, 1832. Cited by 
Thomson! and Thudichum.'™-?!" 
2.: Expériences sur le Principe de 
Paris, 1824. Cited by Fearing,” p. 123. 

W. G.: The cerebral circulation. XIV. 
The respiratory quotient of the brain and extremities 
in man. Arch. Neurol. & Psychiat. 26:719, 1931. 








la Vie. 


. Lennox, W. G., and Grass, E. L.: The blood flow in 


the brain and the leg of man, and the changes in- 
duced by alteration of blood gases. J. Clin. Investi- 
gation 11:1155, 1932. 

Lresic, J. von: Die Thierchemie oder die organische 
Chemie in ihrer Anwendung auf Physiologie und Pa- 
thologie. Braunschweig, 1842. Cited by Farber*® 
and Garrison. 


Liesreicn, O.: Ueber die chemische Beschaffenheit 
der Gehirnsubstanz. Annalen der Chemie und Phar- 
macie 134:29, 1865. 

. Lrpmann, F.: Metabolic generation and utilization 


of phosphate bond energy. 
1941. 


Advances Enzymol. 1:99, 


1857. 
Beitrige zur Atmung und Glykolyse 
Biochem. Ztschr. 161:219, 1925. 


Lancet 1:527, 


tierische Gewebe. 


. Loewr, O.: Ueber humorale Uebertragbarkeit der Herz- 


nervenwirkung. Arch. ges. Physiol. 189:239, 1921. 
Histochemical 
changes in ageing. pp. 728-755 in: E. V. Cowdry 
(Ed.), Problems of Ageing, ed. 2, Baltimore, Williams 
and Wilkins, 1942. 

Some factors 
influencing the respiration of ground nervous tissue. 
J. Biol. Chem. 32:259, 1917. 

MacMunn, C. A.: On myohematin, an_ intrinsic 
muscle-pigment of vertebrates and invertebrates, on 
histohematin, and on the spectrum of the suprarenal 
bodies. J. Physiol. 5:xxivP, 1884. 
MacMunn, C. A.: Philos. Trans. 
Cited by Keilin.” 

MclIiwarn, H.: Personal communication. 
Merketyoun, A. P., Passmore, R., and Perers, R. 
A.: The independence of Vitamin B deficiency and 
inanition. Proc. Roy. Soc. B. 111:391, 1932. 
Meyernor, O.: Die chemische Vorgiinge im Muskel. 
Berlin, Springer, 1930. 

Meyernor, O., LunpsGaarp, E., and Biascuxo, H.: 
Ueber die Energetik der Muskelkontraktion bei auf- 
gehobener Milchsiiurebildung. Naturwissensch. 18: 
787, 1930. 


177:267, 1886. 


Ueber die Wirme- 
ténungen der chemischen Reaktionsphasen im Muskel. 
Biochem. Ztschr. 191:106, 1927. 

and Bartistin1: Arch. 
90, 1887. Cited by Winterstein.™ 

A History of Chemistry, ed. 3. [Re- 


ital. Biol. 8: 


vised by W. T. Hall]. New York, McGraw-Hill, 1939. 
5. Murcer, W.: Ueber die chemischen Bestandtheile 


96. 


98. 


99. 


101. 


102. 


103. 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


111. 


118. 


119. 


120. 


. NeusurGER, M.: 


2. Soury, J.: 
3. SPALLANZANTI, L.: 


. SPALLANZANI, L.: 


5. SPALLANZANI, L.: 


. SPALLANZANI, L.: 


. SPIELMANN, J. R.: 


. SWAMMERDAM, J.: 


2. Szent-Gyoreyt, A.: 


3. THomson, T.: 


des Gehirns. Annalen der Chemie 
103:131, 1857; 105:361, 1858. 
NACHMANSOHN, D.: Chemical mechanism of nerve 
activity. Ann. New York Acad. Sc. 47:395, 1946. 
Die historische Entwicklung der ex- 
Gehirn- und _ Riickenmarksphysiologie 
Stuttgart, Ferd. Enke, 1897. 


und Pharmacie 


perimentellen 
vor Flourens. 


Pace, I. H.: Chemistry of the Brain. Springfield, 
Ill., Thomas, 1937. 

Pace, I. H.: Thudichum and the chemistry of the 
brain. pp. 3-10 in: K. A.C. Elliott, I. H. Page, and 
J. H. Quastel (Eds.), Neurochemistry: The Chemical 
Dynamics of Brain and Nerve. Springfield, Il, 
Thomas, 1955. 

Petrowsky, W. D.: Zusammensetzung der grauen 


und weissen Substanz des Gehirns. Arch. ges. Physiol 
7:367, 1873. Cited by Halliburton.™ 
Priucer, E.: Arch. ges. Physiol. 
Cited by Keilin.” 

PoccenborrrF, J. C.: Biographisch-Literarisches Hand- 
worterbuch zur Geschichte der exacten Wissen- 
schaften. Leipzig, J. A. Barth, 1863 et. seq. [Re- 
printed: Ann Arbor, Mich., Edwards, 1945]. 
PrrestLey, J.: Experiments and Observations on 
Different Kinds of Air. London, 1774. Cited by Far- 
ber,*®= Garrison,” and Moore.™ 

QuasTe., J. H., and Wueatrey, A. H. M.: Oxida- 
tions by the brain. Biochem. J. 26:725, 1932. 
Ranke, J.: Die Lebendsbedingungen des Nerven 
Leipzig, 1868. Cited by Winterstein.™ 

Rowman, F., and Sprrzer, W.: Ueber Oxydations- 
wirkungen thierischer Gewebe. Ber. deutsch. chem 
Gesellsch. 28:567, 1895. 

Royal Society, The Record of, ed. 3. 
p- 176. Cited by Fearing.** 
SaunvERs, W.: Treatise on the Liver, 
by Sémmering,™ p. 35. 

SuHerrincton, C. S.: The Integrative Action of the 
Nervous System. New York, Scribner’s, 1906 [Re- 
printed: Cambridge, University Press, 1947]. 
SoMMERING, S. T.: Vom Baue des Menschlichen 


10:251, 1875, 


London, 1912, 


1793. Cited 


Kérpers: Fiinften Theils, erste Abtheilung. Hirn- und 
Nervenlehre (ed. 2). Frankfurt a. M., Varrentrapp 
and Wenner, 1800. 


Le Systéme nerveux centrale: structure et 
Paris, 1891. Cited by Fearing. 
(1776). Cited by Franklin® and 


fonctions. 


Spallanzani.'” 
Fisica animale e¢ 


Modena, 1780 


Dissertazioni di 
vegetabile. I. Della Digestione. 
[Reprinted in ref. 116]. 

Memorie su la Respirazione. Mi- 
[Reprinted in ref. 116]. 

Le Opere di Lazzaro Spallanzani 
Vol. I. Milan, Hoepli, 1932. [Reprinted for the 
Reale Accademia d'Italia]. 

Mysterium chemia—p. 204, in: 
Institutiones chemice 72, ed. 2. Argentorati ( Strass- 
burg). Cited by Poggendorff, Sémmering,™ and 
Thudichum.™127 

Spitzer, W.: Die Bedeutung gewisser Nucleopro- 
teide fiir die oxydative Leistung der Zelle. Arch. ges 
Physiol. 67:615, 1897. Cited by Keilin.” 

Stevens, E.: De Alimentorum concoctione. Edin- 
burgh, 1777. Cited by Franklin‘? and Thomson.™ 
Srrecker, A. F. L.: Ueber das Lecythin. Akad. d. 
Wissensch (Miinchen) Sitzungsber. (Math-phys 
Classe) 2 (No. 2):269, 1868. 

Bybel der Natuur. Utrecht, 
1669. Cited by Fearing,*® Franklin,*? Garrison, and 
Neuburger.” 


lan, Nobile, 1803. 


Ueber den Menchanismus der 
Succin- und Paraphenylendiaminoxydation. Ein Bei- 
trag zur Theorie der Zellatmung. Biochem. Ztschr. 
150:195, 1924. 

Chemistry of Animal Bodies. Edin- 
burgh, A. and C. Black, 1843. 


24. Tuourer: Sur la nature de la substance du Cerveau, 


et sur la propriété qu’il paroit avoir de se conserver 
long-tems aprés toutes les autres parties, dans les 
Corps qui se decomposent au sein de la terre. Jour 
nal de Physique 38:329, 1791. [Listed as: Observa- 








armacie 
f nerve 
946. 

der ex- 
siologie 


ingfield, 


of the 
ze, and 
hemical 
id, Ill, 


grauen 
Physiol 


1875 
s Hand- 
Wissen- 


q- [Re- 


ions on 


by Far- 
Oxida- 

2. 

Nerven 


dations- 
.. chem 


n, 1912, 
}. Cited 


n of the 
D6 [Re- 


chlichen 
irn- und 
rentrapp 


icture et 
lin’? and 


nimale e 
1, 1780 


one. Mi- 


allanzani 
for the 


204, in 
( Strass- 
gt and 


ucleopro- 
rch. ges 


Edin- 


Utrecht, 
on, and 


smus der 
Ein Bei- 
.. Ztschr. 


s. Edin- 


Cerveau, 
conserver 
dans les 
re. Jour 
Observa- 





wn 


oo 


om 





tions et Memoires sur la Physique, sur l’Histoire na- 
turelle et sur les Arts.] 


. Taupicuum, J. L. W.: Researches on the Chemical 


- 


Constitution of the Brain. Appendix No. 5 (pp. 113- 
247) to Reports of the Medical Officer of the Privy 
Council and Local Government Board, New Series, 
No. I. London, Eyre and Spottiswoode, 1874. 


26. Tuupicnum, J. L. W.: A Treatise on the Chemical 


Constitution of the Brain. London, Balliére, Tindall 
and Cox, 1884. 


. Taupicuum, J. L. W.: Die chemische Konstitution 


des Gehirns des Menschen und der Tiere. Tiibingen, 
Pietzcker, 1901. 


. Taunserc, T.: Zur Kenntnis des intermediiren Stoff- 


wechsels und der dabei wirksamen Enzyme. Skand. 
Arch. f. Physiol. 40:1, 1920; Also Ibid. 43:275, 
1923. 


. Vavuguetin, L. N.: Analyse de la matiére cérébrale 


de homme et de quelques animaux. Annales du Mu- 
séum d'Histoire naturelle (Paris) 18:212, 1811. 
[Obtained from University of Michigan Library]. 


. Vauguetin, L. N.: Annales de Chimie et de Phy- 


sique (Ser.1) 91: 1813. Annals of Philosophy 1: 
332, 1813. Cited by Thudichum.™-? 


. Vauguetin, L. N.: Analyse des Hirnmarks von dem 


Menschen und von einigen Thieren. (Schweigger’s ) 
Journal fiir Chemie und Physik 8:430, 1813. 


2. Vaugue tin, L. N., and Rosiguet, P. J.: Découverte 


d'un nouveau principe végétal dans les Asperges (as- 
paragus Sativus Linn.). Annales de Chimie et de 
Physique (Ser. 1) 57: 88, 1806. 


. Vernon, H. M.: The quantitative estimation of the 


indophenol oxidase of animal tissues. J. Physiol. 42: 
402, 1911; 43:96, 1911-1912. 


. Von Brara, E.: Vergleichende Untersuchungen iiber 


das Gehirn des Menschen und der Wirbeltiere. Mann- 
heim, 1854. Cited by Thudichum.!”" 


. Warsurnec, O.: Versuche an iiberlebendem Carcinom- 


gewebe (Methoden). Biochem. Ztschr. 142:317, 
1923; Also: Ibid. 152:309, 1924. 


- Wu, T.: 





SECTION ON NEUROCHEMISTRY 31 


. Warnsurc, O.: Ueber Eisen, den sauerstoff-iibertra- 


genden Bestandteil des Atmungsferments. Ber. 
deutsch. chem. Gesellsch. 58:1001, 1925. 


-. Wansurc, O.: Wasserstoffiibertragende Fermente. 


Berlin, Saenger, 1948; Heavy Metal Prosthetic Groups 
and Enzyme Action. Oxford, Clarendon Press, 1949. 


. Wanrsure, O., and Cunistian, W.: Ueber ein neues 


Oxydationsferment und sein Absorptionsspektrum. 
Biochem. Ztschr. 254:438, 1932. 


. Wuyrtt, R.: On the Vital and Other Involuntary 


Motions of Animals. Edinburgh, 1751. Cited by 
Fearing,” Franklin,“ and Neuburger.” 


. Wrecanp, H.: Ueber den Mechanismus der Oxyda- 


tionsvorginge. Ergebn. Physiol. 20:477, 1922. 
De Cerebri Anatome. London, 1664, 
Cited by Fearing® and Neuburger.” 


. Wrvtersters, H.: Ueber den Mechanismus der Ge- 


websatmung. Ztschr. allgem. Physiol. 6:315, 1907. 
Cited by Winterstein.’” 


3. Wintersters, H.: Der respiratorische Gaswechsel 


des isolierten Froschriickenmarks. Ztrlbl. Physiol. 21: 
869, 1908. Cited by Winterstein.” 


. Winterstern, H.: Beitrage zur Kenntnis der Nar- 


kose. III. Narkose und Erstickung. Biochem. Ztschr. 
70:130, 1915. 


5. Wornterstern, H., and Lasnirzxi: Zur Kenntnis der 


biologischen Bedeutung von Wasserstoffacceptoren. 
Arch. ges. Physiol. 198:504, 1923. Cited by Winter- 


stein.) 


3. Wintersterx, H.: Der Stoffwechsel des Zentral- 


nervensystems. pp. 515-611 in Vol. 9 of: A. Bethe, 
G. v. Bergmann, G. Embden and A. Ellinger ( Eds.) 
Handbuch der normalen und pathologischen Physio- 
logie. Berlin, Springer, 1929. 


. Wouter, F.: Ztschr. Physiol. 1:142, 1824. Cited by 


Garrison. 


. Wouter, F.: (Poggendorff’s) Annalen der Physik 


12:253, 1828. Cited by Thomson. 


. Wonrer, F.: (Poggendorff’s) Annalen der Physik 


und Chemie 56:638, 1842. Cited by Garrison.“ 





Maintenance of the composition of 


isolated cerebral tissues 


Henry Mcllwain, Ph.D. 


THE PRESENT CONTRIBUTION to this colloquium 
concerns only one of the many ways in which 
the nervous system can be studied chemically. 
It concerns the examination of the isolated cell- 
containing tissue in vitro, in relatively simple 
aqueous fluids. In appraising the study of the 
tissue in this condition, it is necessary to query 
how similar such tissue may be to its state in 
vivo. For this purpose many criteria have been 
employed and, of those, I will describe some 
which are biochemical. 

One important criterion is comparison of 
rates, in vivo and in vitro, of the major en- 
Here 
commonly used incubation fluids, with appro- 
priate stimulating agents such as applied elec- 
trical impulses, can yield rates of respiration 
and glycolysis comparable to those obtaining 
in situ. 


ergy-yielding reactions of the tissue. 


A second criterion is the metabolic 
effect of such applied pulses. Metabolic re- 
sponse to pulses shows cerebral tissues, again 
under commonly used conditions of incuba- 
tion in oxygenated glucose salines, to be ex- 
citable electrically. 
is the subject of this communication, is the 


A third criterion, which 


chemical composition of the isolated tissue. 
This I will consider in mammalian cerebral 
tissues prepared as sheets some 0.3 to 0.4 mm. 
in thickness and incubated in aqueous fluids. 
The use of nonaqueous fluids in such experi- 
ments gives interesting opportunities which 
will not, however, be discussed here.? 
Removing the brain and preparing such 
sheets is obviously a drastic procedure. Many 
cerebral constituents are susceptible to change 
in level as a result of manipulations far less 
Moreover it is such labile constitu- 
ents, changing rapidly with change in func- 
tional state of the brain, which are of especial 
interest in in vitro experiments. Such experi- 
ments thus begin with the tissue grossly al- 
tered in composition, and the first concern in 
studying composition in vitro must be restora- 
tion of in vivo levels of labile metabolites. 


severe. ! 
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LABILE PHOSPHATES AND NUCLEOTIDES 


Of first importance are the creatine and 
adenine and related phosphates known to un- 
dergo rapid change when the level of func- 
tional activity changes in the brain of the liv- 
ing animal. These compounds are degraded 
in preparing the isolated tissue, but reappear 
on incubation in simple salines with glucose 
as the only added organic constituent. Resyn- 
thesis, however, is partial only; for example, 
creatine phosphate, normally at 3 moles 
gm. brain, falls to 0.3 in preparing the tissue 
and after 15 minutes at 37° has reached 1.5 
pmoles/gm.* In seeking an explanation for 
lack of further resynthesis, creatine itself was 
found to be lost from the tissue. When 1 mM 
creatine was added to glucose salines, creatine 
was assimilated to the tissue whose creatine 
phosphate level rose in two hours to 2.7 
umoles/gm.* 

Adenine nucleotides presented a_ similar 
picture, but their restoration could not be 
achieved by addition of adenine or of nu- 
’ adenosine was success 
achieved.5 Guanosine restored much of the 
Two-hour 
incubation was needed for each to have its 


cleotides; only with 


tissue’s lost guanine nucleotides. 
maximal effect. 


CABOHYDRATE CONSTITUENTS 


In preparing the tissue, its glucose and 
glycogen are largely converted to lactate. On 
incubating in ordinary glucose salines, lac- 
tate and glucose reach normal levels in a few 
minutes but glycogen only after some hours.’ 
The resynthesized glycogen proved unusually 
stable.? Applied electrical pulses which caused 
conversion of glucose to lactate at 700 p- 
moles/gm./hr. caused little change in gly- 
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cogen. Pulses caused even more rapid changes 
in creatine phosphate (at some 1500 »moles/ 
gm./hr. as in vivo). For these studies special 
apparatus was used to sample the tissue® at 
intervals as brief as one second. 


OTHER COMPOUNDS 


Many contrasts are presented: Cozymase 
is unexpectedly stable, while ascorbic acid is 
rapidly lost but again can be restored by in- 
corporation in a glucose saline.® Glutathione 
falls in level and is oxidized on preparing the 
tissue, but on incubation the balance of ox- 
idized and reduced forms moves towards that 
obtaining in vivo, and glutathione added to 
glucose salines aids in restoring the in vivo 
levels.1° Glutamate added to glucose salines 
increases both the glutamate and potassium 
ions associated with the tissue toward levels 
normal in vivo.1!12_ Acetylcholine also can be 
resynthesized by the isolated tissue.'* 


DISCUSSION AND SUMMARY 


Thus, although success has not been univer- 
sal, it has not proved difficult to imitate in 
vitro many aspects of the in vivo maintenance 
of cerebral tissues. This has been done by 
obvious procedures, such as incubation in the 
presence of energy-yielding substrates plus 
precursors of compounds lacking in the tissue. 
Presumably the process observed to be op- 
erating between tissue and artificially-provided 
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salines represents aspects of the normal rela- 
tionship between tissue and fluids. One then 
sees the tissue to be remarkably autonomous, 
taking from its environment essential sub- 
stances present there at low levels, concen- 
trating them in the tissue, and synthesizing 
from them further more complex materials. 
Both concentration and synthesis have been 
observed to operate only slowly in several in- 
stances. This may reflect present experimental 
limitations, or, equally, may be a genuine 
characteristic of the processes even as they 
operate in vivo, for in a relatively stable cell 
population, accretion of material need not be 
rapid. 

When several criteria are available to com- 
pare tissue in vivo and in vitro, the different 
criteria do not always give similar ratings to 
the adequacy of given in vitro conditions. 
With isolated tissues, addition of glutamate 
to a glucose saline increases respiratory rate 
but lowers creatine phosphate or respiratory 
response to pulses. The latter two criteria 
may be judged more relevant than the first, 
but body fluids contain glutamate. Neither 
blood plasma nor cerebrospinal fluid may be 
the most “normal” medium to apply to tissue 
slices, and probably that most appropriate 
depends on the aspect of tissue function 
which it is desired to examine in vitro. This is 
to be regarded as an interim report only on 
a subject still requiring much study. 
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Metabolism of nucleic acids and 


lipids in brain and in peripheral 


nerve during experimental 


demyelination 


R. J. Rossiter, M.D., Ph.D., E. T. Pritchard, Ph.D. and 
K. P. Strickland, Ph.D.* 


THE EXPERIMENTS described in this report are 
presented to illustrate the type of work which 
can be done when the technics of chemistry 
are applied to neurologic problems. The ex- 
periments, all of which were carried out in 
vitro, arose as a result of our interest in my- 
elin formation and the problem of demyelina- 
tion. 


BRAIN SLICES 


Nucleic acids. Desoxyribonucleic acid 
(DNA), which is confined to the cell nucleus, 
occurs in similar concentrations in both white 
matter and gray matter of brain.1 On the other 
hand, ribonucleic acid (RNA), which is large- 
ly, but not exclusively, cytoplasmic in origin, 
occurs in a higher concentration in gray mat- 
ter than in white matter. This is due to the 
fact that gray matter contains many more 
nerve cell bodies than white matter. These 
cells are much larger than glial cells and con- 
tain abundant Nissl material, which is rich in 
RNA. 

When slices of cat brain are allowed to re- 
spire in a suitable medium containing glucose 
and inorganic phosphate labeled with radio- 
active phosphorus (P32), the RNA of the slices 
becomes labeled.2 Much less of the label is 
incorporated into the DNA. Both the DNA 
and RNA are also labeled* if slices of brain 
tissue are allowed to respire in a medium con- 
taining formate-C!4, Typical results of such 
labeling experiments are presented in table 1. 

The in vitro labeling of nucleic acids in 
brain slices is a metabolic phenomenon. It is 
dependent upon the energy derived from the 
oxidation of substrates, such as glucose, man- 


34 


nose, pyruvic acid, or lactic acid. However, 
the labeling is not maintained if the sub- 
strate is replaced by certain of the interme- 
diates of the tricarboxylic acid cycle, despite 
the fact that these intermediates are them- 
selves oxidized. The labeling of nucleic acids 
in brain slices is also abolished by rendering 
the conditions anaerobic, by homogenizing the 
brain tissue, or by the addition of a wide 
range of metabolic inhibitors. 

Cholesterol. Cholesterol has long been 
known to be an important constituent of 
brain tissue. There is good evidence that it 
is a component of the myelin sheath.* Srere, 
Chaikoff, Treitman, and Burnstein’ reported 
that in brain slices taken from young rats 
acetate-1-C14 is readily incorporated into cho- 
lesterol. However, there is no such incorpo- 
ration when the slices are prepared from 
brains of adult rats. These findings are in 
agreement with the results of previous in vivo 
studies which indicate that the cholesterol of 
the adult brain is very inert metabolically. 
Table 1 reports the results of a typical ex- 
periment in which rat brain slices were in- 
cubated in the presence of acetate-1-Cl4, 
It can be seen that there was slight labeling 
of the cholesterol, but that the labeling was 
insignificant compared with that observed for 
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TABLE 1 
IN VITRO LABELING OF NUCLEIC ACIDS AND LIPIDS OF BRAIN AND LIVER SLICES 
INCUBATED WITH RADIOACTIVE PRECURSORS 

















Fraction Specific 

Precursor Labeled Tissue Activity 

Inorganic P32 RNA cat brain 22.5" 

Inorganic P32 DNA cat brain 2.1 

Formate-C14 RNA rat brain 9.0" 

Formate-C14 DNA rat brain 2.9" 
Acetate-1-C14 cholesterol rat brain 300° 
Acetate-1-C14 cholesterol rat liver (fed) 118,000* 
Acetate-1-C14 cholesterol rat liver (fasted ) 11,700° 
Inorganic P32 phosphatide rat brain 57° 
Inorganic P32 phosphatide rat liver 140° 
Acetate-1-C14 phosphatide rat brain 880* 
Acetate-1-C14 phosphatide rat liver (fed) 3,300* 
Acetate-1-C14 phosphatide rat liver (fasted ) 260° 
Glycerol-1-C14 phosphatide rat brain 2,040* 
Choline-1,2-C14 phosphatide rat brain 1,840° 
Ethanolamine-1,2-C14 phosphatide rat brain 30,000 
Serine-3-C14 phosphatide rat brain 1,640° 





‘Counts /min./ yg. P. 


*Counts /min./mg. 


liver slices from either fed or fasted animals 
(table 1). 

Phosphatides. Phosphatides are also impor- 
tant constituents of the myelin sheath.* The 
in vitro incorporation of inorganic P32 into 
the phosphatides of brain slices was first re- 
ported by Chaikoff and co-workers.®:* Strick- 
land'® confirmed the findings of Chaikoff and 
associates for slices prepared from cat brain. 
He showed that the in vitro labeling of phos- 
phatide with inorganic P%2, like the in vitro 
labeling of nucleic acids, is dependent upon 
the maintenance of conditions optimal for 
oxidative phosphorylation. Table 1 shows the 
results of other experiments in which the in- 
corporation of inorganic PS2 into the phos- 
phatides of rat brain and liver was studied. 

In early experiments it was found that, if 
the brain was homogenized before incuba- 
tion, the labeling of phosphatide was reduced 
to very low levels. “However, Kennedy™ 
showed that inorganic P%2 is incorporated 
into the phosphatides of liver mitochondria. 
Similar results were found for brain mito- 
chondria!? and for suitably “reinforced” brain 
homogenates.!3-14 

The phosphatides of brain slices may be 
labeled from sources other than inorganic P32. 








Thus Jedeikin and Weinhouse’® found that 
the phosphatide fraction of rat brain slices 
may be labeled in vitro from palmitate-1-C!4, 
and Pritchard'*® showed that the phosphatide 
may be labeled from acetate-1-C!4. Table 1 
shows the relative rates of the incorporation 
of acetate-1-C!4 into rat brain and liver slices. 
With liver slices, most of the radioactivity is 
found in the fatty acid, rather than in the non- 
fatty acid portion of the molecule.’®17 How- 
ever, with brain slices, much less of the radio- 
activity is confined to the fatty acids. 

Table 1 also shows that choline-1,2-C!4, 
ethanolamine-1,2-C!4, and _ serine-3-C!4 may 
be incorporated into the phosphatide fraction 
of rat brain slices. In contrast to the findings 
reported above for acetate-1-C!4, these sub- 
stances were found to enter the non-fatty acid 
portion of the phosphatide. When the hy- 
drolysis products of the labeled phosphatides 
were separated by the method of Dawson,'* 
the radioactivity was recovered in the appro- 
priate glycerylphosphoryl base, derived from 
its parent glycerophosphatide. Further acid 
hydrolysis of the isolated glycerylphosphoryl 
bases, with separation of hydrolysis products 
by paper chromatography, revealed that the 
bases, but not glycerol, contained the label. 
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FATTY ACID 


GLYCEROL — PHOSPHATE — BASE 
FATTY ACID 
w . v 
from from from 
Acetate Glycerol Phosphate ~- Base 
(as unit) 


Fic. 1. 


brain slices 


Scheme of labeling of glycerophosphatides in 


Glycerol-1-C!4 also was incorporated into 
the phosphatides of rat brain in vitro (table 
1). Most of the radioactivity of the glycerol, 
like that of the bases, was found in the non- 
fatty acid portion of the phosphatide. Hy- 
drolysis studies showed that the glycerol, and 
only the glycerol, of the glycerophosphatide 
was labeled. 

The labeling of glycerophosphatides in brain 
slices may thus be represented as shown in 
figure 1. The fatty acid moiety of the glycero- 
phosphatide molecule is labeled from acetate, 
the glycerol moiety from glycerol, and not 
from the bases, and the base moiety is labeled 
from the appropriate base, as such, and not 
from glycerol. Kennedy'® has shown that in 
liver tissue the phosphate base is incorporated 
into the glycerophosphatide as a unit. Re- 
cently Rossiter, McMurray, and Strickland?° 
presented evidence that the same is true for 
brain tissue. 


PERIPHERAL 


Fries, Schachner, and Chaikoff* demon- 
strated that inorganic P32 could be incorpo- 
rated into the lipid of dog nerve. Magee and 
Rossiter*! confirmed this finding for metabo- 
lizing fragments of cat sciatic nerve and they 
showed that the RNA also was labeled. Fur- 
ther experiments have shown that both the 
cholesterol and the phosphatide of cat sciatic 
nerve may be labeled in vitro from acetate-1- 
C4 and that the phosphatide may be labeled 
from glycerol-1-C!4, choline-1,2-C14, ethanola- 
mine-1,2-C!4, or serine-3-C!4, 

In general, these results provide evidence 
that in both brain and peripheral nerve phos- 
phatide may be formed in situ from small 
molecules. 


NERVE 


WALLERIAN DEGENERATION 


At the present time there is much evidence 
derived from electron microscopic and other 


studies (see, for example, paper by Geren?) 
that in peripheral nerve the Schwann cells are 
responsible for the formation of myelin. If 
myelin is produced by the Schwann cell, it is 
of extreme interest and importance to study 
the metabolism of nerves in which the popv- 
lation of Schwann cells is increased. An in- 
crease in the population of Schwann cells may 
be produced readily in the laboratory by sec- 
tioning the nerve. The Schwann cell prolifera- 
tion, which occurs in that portion of the nerve 
distal to the point of section, forms part of 
the classical series of changes known col- 
lectively as Wallerian degeneration. 

Histologic changes. The histologic changes 
that accompany Wallerian degeneration are 
well known and have been described fre- 
quently (see Young?* for a comprehensive 
review). These include swelling of the axon, 
followed by later collapse. The nerve soon 
loses its ability to conduct an impulse. The 
myelin sheath breaks up into small fragments, 
with loss of its characteristic optical proper- 
ties. The Marchi staining reaction becomes 
positive. The Schwann cells proliferate greatly 
and the number of macrophages to be seen 
along the course of the nerve fiber increases. 
A careful quantitative study of the changes in 
cell population in a peripheral nerve during 
Wallerian degeneration was made by Aber- 
crombie and Johnson.*4 

Chemical changes. The chemical changes 
that accompany Wallerian degeneration are 
less well known. Some of these were reviewed 
several years ago by Johnson, McNabb, and 
Rossiter. With the destruction of the axon, 
there is a decrease in the activity of certain 
enzymes, such as alkaline phosphatase,?* true 
or specific cholinesterase, and the choline 
acetylase system. With the destruction of 
the myelin sheath, there is a disappearance 
of what we have called the “myelin lipids.” 
Brante,2® who made a similar study, referred 
to these lipids as “sheath-typical lipids.” It 
was originally concluded that the myelin lip- 
ids comprised free cholesterol, cerebroside, 
and sphingomyelin, although at the time it 
was realized that other phosphatides, espe- 
cially those contained in the classical “ceph- 
alin” fraction, might be constituents of the 
myelin sheath. More recent studies have con- 
firmed that brain diphosphoinositide,?7 phos- 
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TABLE 2 
EFFECT OF NERVE SECTION ON THE RADIOACTIVITY OF THE RNA AND LIPIDS OF FRAGMENTS OF 
CAT SCIATIC NERVE INCUBATED WITH RADIOACTIVE PRECURSORS 


























Time after Mean Activity 
Fraction Section Concen- Specific (c.p.m./ 
Precursor Labeled (days) tration Activity 100 mg. nerve) 

Inorganic P32 RNA 0 3.9" 98? 380 
16 18.5° 60° 1,110 
32 20.8" 98: 2,000 
Acetate-1-C1l4 cholesterol 0 3.19* 130° 420 
32 1,15° 100° 115 
96 0.29° 4,960° 1,440 
Inorganic P32 phosphatide 0 310° 8.4 2,600 
16 156° 19.0° 3,000 
32 78" 52? 4,100 
Acetate-1-C14 phosphatide 0 6.04° 780° 4,710 
16 2.98° 1,360* 4,060 
32 1.30° 2,390* 3,110 


14g. P/100 mg. nerve. 
“counts /min./ 4g. P. 


phatidyl ethanolamine, and possibly phospha- 
tidyl serine also may be myelin lipids.** 
With the appearance of Schwann cells and 
other cells during the course of the degenera- 
tion, there is a considerable increase in the 
concentration of both RNA and DNA.?7 More 
RNA appears in the nerve than DNA, so that 
the RNA: DNA ratio increases, suggesting that 
the amount of RNA per cell in the degenerat- 
ing nerve is greater. Together with the in- 
crease in the cell population, there is an in- 
crease in the activity of certain enzymes, for 
example, acid phosphatase,” pseudo- or non- 
specific cholinesterase,°° and 8-glucuronidase.*! 
Labeling of RNA. Magee and Rossiter?! 
studied the in vitro labeling of RNA from in- 
organic P32 in fragments of degenerating cat 
sciatic nerve. Table 2 shgws that the specific 
activity of the RNA was not significantly al- 
tered as a result of the nerve section, but that 
the total radioactivity incorporated into the 
nerve (expressed as counts/min./100 mg. 
nerve) was greater, because of the large in- 
crease in the concentration of RNA.?* 
Labeling of cholesterol. During the first 32 
days after nerve section, the labeling of cho- 
lesterol in fragments of cat sciatic nerve in- 
cubated in the presence of acetate-1-C!4 was 
found to be decreased (table 2). However, 
after 96 days of degeneration, the specific ac- 
tivity of the cholesterol was considerably in- 
creased. Because of the decrease in the con- 


®‘mg. lipid/100 mg. nerve. 


‘counts /min./mg. 


centration of cholesterol®2, the increase in 
the amount of radioactivity that is incorporat- 
ed into the nerve cholesterol (expressed as 
counts/min./100 mg. nerve) was not so great 
as the increase in the specific activity of the 
cholesterol. 

Labeling of phosphatides. With inorganic 
P52 as the source of the radioactivity, the spe- 
cific activity of the total phosphatide fraction 
of fragments of cat sciatic nerve was found to 
be considerably increased in nerves studied 
16 and 32 days after section (table 2). How- 
ever, the decrease in concentration of phos- 
phatide in the degenerating nerve is such 
that the increase in total radioactivity incor- 
porated into the nerve phosphatide, like the 
radioactivity incorporated into cholesterol de- 
scribed above, was not nearly so great. 

When acetate-1-C!4 was the source of ra- 
dioactivity, the results were similar (table 2). 
There was an increase in the specific activity 
of the phosphatide fraction of the sectioned 
nerve, but in this instance there was no increase 
in the total amount of acetate-1-C14 that was 
incorporated into the nerve phosphatide. 

Table 3 shows the results of experiments 
with other C14-labeled substrates. In all in- 
stances there was a considerable increase in 
the specific activity of the phosphatide frac- 
tion in nerves 16 days after section. In the 
interpretation of these results, it must be re- 
membered that by 16 days the nerve has lost 
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‘Studied 13 days after nerve section. 


a considerable portion of its myelin lipid. 
The increases in the specific activity of the 
phosphatide fraction with glycerol-1-C!4 and 
choline-1,2-C14 as the source of radioactivity 
were of the same order as that reported in 
table 2 for acetate-1-C14. However, with eth- 
anolamine-1,2-C14 and _ serine-3-C!4 the 
creases were greater. If these increases are 
an indication of an increased ability on the 


in- 


part of the nerve to form myelin lipids, as op- 
posed to non-myelin lipids, they would sup- 
port the suggestion that phosphatidyl ethanol- 
amine and phosphatidyl serine, but not phos- 
phatidyl choline (lecithin), should be includ- 
ed in the list of myelin lipids. 

Biosynthesis of glycerophosphatides. Large- 
ly as a result of the studies of Kennedy,?**% 
much is known of the metabolic pathways 
whereby glvcerophosphatides are formed. 
These pathways were worked out for the most 
part using enzymes derived from chicken liver. 
Recently, Rossiter, McMurray, and Strick- 
land?° have provided evidence that lecithin 
may be formed in brain and nerve by a simi- 
lar series of reactions. In comparison to chick- 
en liver,!*.33 adult brain and peripheral nerve 
are rather poor sources of the enzymes con- 
cerned with the biosynthesis of the glycero- 
phosphatides. However, using synthetic in- 
termediates labeled with radioactive isotopes, 
it has been possible to demonstrate that en- 
zymes capable of catalyzing all of the key 
steps in the synthesis of glycerophosphatides 
are present in tissue of the nervous system. 

The final stage in the biosynthesis of one 
of the glycerophosphatides, lecithin, is the 
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\Fragments of cat sciatic nerve incubated with various precursors. 


TABLE 3 
EFFECT OF NERVE SECTION ON THE SPECIFIC ACTIVITY OF THE PHOSPHATIDES OF 
SCIATIC NERVE INCUBATED WITH RADIOACTIVE PRECURSORS 
(counts /min./,g. P) 





Degenerating 
Precursor Control (16 days) 
‘Glycerol-1-C14 9 18 
‘Choline-1,2-C14 4 16 
‘Ethanolamine-1,2-C!4 52 786 
‘Serine-3-C14 9 196 
“CMP-P32Ch 2.4 : 12.7° 7 


“Homogenates of rat sciatic nerve incubated with CMP-P®Choline. 


condensation of cytidine diphosphate choline, 
a novel intermediate discovered by Kennedy 
and Weiss,** with a D-a,s-diglyceride to form 
the glycerophosphatide, according to the equa- 
tion: 
CDP-choline + D-a,8-diglyceride —>» 
L-a-lecithin + CMP. 

Table 3 indicates that, in homogenates of rat 
nerve, CDP-choline labeled with P32 (CMP- 
P32Ch) was incorporated into the phosphatide 
fraction. It has been shown with homogenates 
prepared from rat brain that, in such experi- 
ments, the label from the CMP-P22Ch is in- 
corporated into lecithin, but not into phospha- 
tidyl ethanolamine or phosphatidyl serine. In 
confirmation of the findings of Kennedy and 
Weiss** for liver, the in vitro labeling of leci- 
thin in homogenates and mitochondria pre- 
pared from rat brain was found to be stimu- 
lated by the addition of D-a,s-diglyceride.*° 

In addition, it may be seen from table 3 
that, in homogenates of nerves removed from 
rats 13 days after section, the labeling of leci- 
thin from CMP-P32Ch was greatly increased. 


COMMENT 


The experiments reported here would ap- 
pear to provide evidence that phosphatides 
may be formed in situ in both brain and pe- 
ripheral nerve. For the glycerophosphatides 
there is evidence that the biosynthesis takes 
place through a reaction sequence similar to 
that described by Kennedy!*33 for chicken 
liver tissue. 

As is well known, there is little in vitro 
labeling of cholesterol from acetate-1-C!4 in 
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brain slices prepared from adult rats. The 
same is true for fragments of cat sciatic nerve. 
However, the small degree of labeling report- 
ed here for both adult rat brain and cat sci- 
atic nerve was a consistent finding. In periph- 
eral nerve the in vitro labeling of cholesterol 
is much greater in nerves removed from ani- 
mals 96 days after previous section. 

When the population of Schwann cells is 
increased, as evidenced by the increase in the 
concentrations of DNA and RNA, the label- 
ing of both cholesterol and phosphatide is 
greatly increased. It seems reasonable to sup- 
pose that this increase in the labeling of lipids 
is an indication of an increase in the poten- 
tiality of the nerve for remyelination. 


SUMMARY 


1. The nucleic acids in slices of rat brain 
and fragments of cat peripheral nerve, respir- 
ing in a suitably buffered medium containing 
glucose, are labeled from radioactive precur- 
sors, such as inorganic P52 and formate-C!4. 
The RNA is labeled more rapidly than the 
DNA. 

2. There is a very slight labeling of choles- 
terol from acetate-1-C!4 in slices of rat brain 
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and fragments of cat sciatic nerve. 

3. Experiments on the labeling of glycero- 
phosphatides from a variety of radioactive pre- 
cursors provide evidence that in brain and 
peripheral nerve the phosphatides are formed 
in situ from small molecules. The glycerophos- 
phatides of rat brain and cat sciatic nerve are 
labeled from inorganic P32, acetate-1-C!4, 
glycerol-1-C14, choline-1,2-C!4, ethanolamine- 
1,2-Cl4, or serine-3-C!4, The fatty acid moiety 
of the glycerophosphatide is labeled from ac- 
etate, the glycerol moiety from glycerol and 
not from the bases, and the base moiety from 
the base, as such, and not from glycerol. 

4. The pathway for the biosynthesis of leci- 
thin in tissue from the nervous system is simi- 
lar to that described by Kennedy'®-** for 
chicken liver. 

5. When the population of Schwann cells 
in a peripheral nerve is increased by section- 
ing the nerve, the labeling of the phosphatides 
and cholesterol is increased. 

6. It is suggested that this increase in the 
labeling of the lipids represents an increase 
in the potentiality of the nerve for remyelina- 
tion. This is associated with the increase in 
the population of Schwann cells. 


slices of cat brain. Canad. J. Biochem. Physiol. 32: 
50, 1954. 

11. Kennepy, E. P.: Synthesis of phosphatides in isolated 
mitochondria. J. Biol. Chem. 201:399, 1953. 

12. McMurray, W. C., Berry, J. F., and Rossiter, R. J.: 
Labelling of phospholipin phosphorus in rat brain mi- 
tochondria. Biochem. J. 66:629, 1957. 

13. Dawson, R. M. C.: The incorporation of labelled 
phosphate into the lipids of a brain dispersion. Bio- 
chem. J. 55:507, 1953. 

14. McMurray, W. C., SrrickLanp, K. P., Berry, J. F., 
and Rossrrer, R. J.: Labelling of phospholipin phos- 
phorus in rat brain dispersions. Biochem. J, 66:621, 
1957. 

15. Jeperkix, L. A., and Wernouse, S.: Studies 
of the incorporation of palmitate-1-C™ into tissue 
lipids in vitro. Arch. Biochem. Biophys. 50:134, 
1954. 

16. Prircnarp, E. T.: Labeling of different portions of 
phosphoglyceride molecule in rat liver and_ brain 
slices. Federation Proc. 15:330, 1956. 

17. Pum, A., and Brocn, K.: The relative rates of me- 
tabolism of neutral fat and phospholipides in various 
tissues of the rat. J. Biol. Chem. 183:431, 1950. 

18. Dawson, R. M. C.: The measurement of ™P label- 
ling of individual kephalins and lecithin in a small 
sample of tissue. Biochim. et Biophys. Acta 14:374, 
1954. 

19. Kennepy, E. P.: The biological synthesis of phos- 
pholipids. Canad. J. Biochem. Physiol. 34:334, 1956. 

20. Rossrrer, R. J.,. McMurray, W. C., and Strrick.anp, 
<. P.: Biosynthesis of phosphatides in brain and 
nerve. Federation Proc. 16:853, 1957, 

21. Maceer, W. L., and Rossrrer, R. J.: Chemical studies 

of peripheral nerve during Wallerian degeneration. 


NEUROLOGY 


6. Incorporation of radioactive phosphate into pen- 
tosenucleic acid and phospholipid in vitro. Biochem. 
J. 58:243, 1954. 

Geren, B. B.: The formation from the Schwann cell 
surface of myelin in the peripheral nerves of chick 
embryos. Exper. Cell Res. 7:558, 1954. 

Younc, J. Z.: Functional repair of nervous tissue. 
Physiol. Rev. 22:318, 1942. 

ABERCROMBIE, M., and Jounson, M. L.: Quantitative 
histology of Wallerian degeneration: 1. Nuclear pop- 
ulation in rabbit sciatic nerve. J. Anat. 80:37, 1946. 
Hoxiumcer, D. M., Rossrrer, R. J., and Upmatis, 
H.: Chemical studies of peripheral nerve during Wal- 
lerian degeneration. 4. Phosphatases. Biochem. J. 52: 
652, 1952. 

BranTe, G.: Studies on lipids in the nervous system 
with special reference to quantitative chemical deter- 
mination and topical distribution. Acta physiol. scan- 
dinav. (supp. 63) 18:1, 1949. 

Locan, J. E., MANNELL, W. A., and Rossrrer, R. J.: 
Chemical studies of peripheral nerve during Wallerian 


degeneration. 3. Nucleic acids and other protein- 
bound phosphorus compounds. Biochem. J. 51:482, 
1952. 

Rosins, E., Eypr, K. M., and Smiru, D. E.: The 
distribution of lipids in the cerebellar cortex and its 
subjacent white matter. J. Biol. Chem. 220:677, 1956. 
Hernzen, B.: Acid phosphatase activity in transected 
sciatic nerves. Anat. Rec. 98:193, 1947. 


. Cavanacu, J. B., THompson, R. H. S., and WessTeR, 


G. R.: The localization of pseudo-cholinesterase ac- 
tivity in nervous tissue. Quart. J. Exper. Physiol. 39: 
185, 1954. 

Hoiwimncer, D. M., and Rossrrer, R. Chemical 
studies of peripheral nerve during Wallerian degen- 


eration. 5. g-Glucuronidase. Biochem. J. 52:659, 1952. 


2. Jounson, A. C., McNass, A. R., and Rossrrenr, R. J.: 


Chemical studies of peripheral nerve during Wallerian 
degeneration. 1. Lipids. Biochem. J. 45:500, 1949. 
KenNeEpDy, E. P., and Wess, S. B.: The function of 


cytidine coenzymes in the biosynthesis of phospho- 


lipides. J. Biol. Chem. 222:193, 1956. 

















A specific antidote for nerve gas 





insecticide (alkylphosphate) 


intoxication 


Irwin B. Wilson, Ph.D. 


Tuis PAPER will describe some of the theo- 
retical considerations that led to the develop- 
ment of a highly specific and effective anti- 
dote for certain alkylphosphates. These alkyl- 
phosphates include nerve gases and insecti- 
cides, such as diisopropyl fluorophosphate 
(DFP) and diethyl p-nitrophenylphosphate 
(Paraoxon) (figure 1). These compounds, al- 
though of somewhat diverse structure, have 
the common feature of containing a labile 
phosphorus bond and all are potent irrevers- 
ible inhibitors of many esterases and protein- 
ases. The general structure may be repre- 
sented by figure 2, where R may be alkoxy 
or phenoxy, alkyl or acyl, or substituted am- 
ino groups, and X may be F, Cl, CN, O-C,- 
H,NO,, OPO(OR)., and so on. The impor- 
tant point is that P-X must be readily hydro- 
lyzable (or the compound converted in living 
organisms to a new compound which has a 
readily hydrolyzable bond). 

Nachmansohn!? had already demonstrated 
that the toxicity of these compounds was 
caused by their ability to inhibit acetylcho- 
linesterase. Can this inhibition be undone? 

We had been especially interested in the 
physical organic chemistry of enzymes and it 
was particularly interesting in that connection 
to investigate the inhibitory mechanism of 
such compounds as these, which were active 
in concentrations as low as 10-1°M. It turned 
out that the inhibitory mechanism of these 
compounds could be very readily explained* 
on the basis of the enzyme theory which had 
already been developed. It will be perti- 
nent therefore to describe briefly the most sig- 
nificant features of this theory. We start with 
the well established Michaelis-Menten mech- 
anism 

E+S2zE . S-E + products 
where E is the enzyme, S the substrate, and 


C,H,0 


Paraoxon 





0) 

i 
SP-F 
i- C,H,0 
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E .S is an enzyme-substrate addition com- 
pound — the Michaelis-Menten complex. Our 
problem is to describe the nature of the E . S 
compound and the nature of the hydrolytic 
process whereby this compound is transformed 
to products, with the simultaneous regenera- 
tion of the enzyme. 

A representation of E . S is shown in fig- 
ure 3. The active site of the enzyme contains 
two subsites. One is an anionic site (nega- 
tively charged) which attracts the cationic 
(positively charged) substrate by Coulombic 
forces and also the methyl groups by Van der 
Waals forces. The Coulombic force is worth 


i- CHO 


Fic. 1. Structural for- 
mulae of DFP and 


Paraoxon. 
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sheet 
R 
® 
Fic. 2 General structure of alkyl- 


phosphates 


Fic. ». The acetylcholine-acetylcholin- 
esterase complex, depicting binding at 
the anionic site and at the esteratic site 


a factor of 30 over an uncharged substrate*-® 
and each methyl group, save one, is worth a 
factor of 7 in binding.? Ethyl acetate, which 
cannot interact with the esteratic site, would 
be expected to be bound less readily than 
acetylcholine by a factor of 7 x 7 x 30 = 
1500, as is in fact found to be the case. The 
other site contains an acidic and a basic group 
and is represented by the symbol H—G. This 
site is directly involved in the hydrolytic proc- 
ess. It also contributes to binding by forming 
a covalent bond between suitable carbonyl 
groups and the basic group. During the hy- 
drolytic process there is an electronic shift as 
indicated 


figure so that choline is split 


off and an acetyl-enzyme is formed. In less 
than a millisecond the acetyl-enzyme reacts 
with water to form acetic acid and regenerate 
the enzyme. 

The formation of an acetyl enzyme is an 
important point. Although the hydrolytic proc- 
ess takes place at the esteratic site, the proc- 
ess is promoted by interaction with the anionic 
site.® 


Now we can return to the mechanism of in- 
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hibition by alkylphosphates. These compounds 
are partially hydrolyzed by the enzyme to 
yield a dialkyl phosphoryl] enzyme® and split 
off H-X. The basic group w hich is phosphory- 
lated is the same as is normally acetylated. 
But unlike the acetyl enzyme, the phosphoryl 
enzyme does not react with water rapidly; 
it reacts with water only very slowly. Does 
the phosphoryl enzyme react with other com- 
it reacts with a large number 
of nucleophilic agents,'! especially hydroxyla- 
mine and its derivatives. With 0.1 M NH. ,OH 
the enzyme can be reactivated in one-half 


pounds? Yes, 


hour. 

A diagram of the phosphoryl enzyme is 
shown in figure 5. Starting with hydroxyla- 
mine, can we design a derivative which will 
be complementary to the enzyme? Can we 
construct a molecule which will interact with 
the anionic site and yet have its nucleophilic 
function directed at the phosphorus atom? 
Evidently we need 
interact with the anionic site and to secure 


quaternary structure to 





*Phosphorylation was also suggested by Burgen and Hob- 
biger® and demonstrated by Jansen, Nutting, and Balls” 
for chymotrypsin. 
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Fic. 4. Electron shifts during hydrolysis resulting in splitting off choline and forming an acetyl enzyme. 
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* 
4 0 
Fic. 5. A dialkyl phosphoryl enzyme resulting | 
| from inhibition by an alkylphosphate. The an- 
- G ionic site is vacant and still functional. > o2N 
+ 
| Fic. 6. Structural formula of PAM. The anion N 
P=0 (*) is the active agent. | H 
® Z\ CH 
Y OR OR 


for us the promoting effect of such an inter- 
action. The nucleophilic function (the oxy- 
genation of hydroxylamine) must be about 
4.5 A from the quaternary structure. Such a 
compound is pyridine 2-aldoxime methiodide 
(PAM)!* (figure 6). This compound is very 
active. The enzyme can be regenerated from 
diethylphosphoryl enzyme in three minutes 
at 10-°°M. The importance of the proper 
orientation of the quaternary nitrogen and the 
nucleophilic oxygen is shown by the fact that 
the 3-derivative is inactive and the 4-deriva- 
tive is considerably less active. But with cer- 
tain other enzymes the 3-derivative is the 
most active. (In these cases the absolute ac- 
tivity is millions of times lower). 

PAM was then tested in vivo with white 
mice.13.14 With Paraoxon, DFP, and tetra- 
ethylpyrophosphate, a sure lethal dose, fol- 
lowed one or two minutes later by a safe dose 
of PAM resulted in 100 per cent survival. At 
high doses where PAM was effective, atro- 
pine was without survival value. At still high- 
er doses neither PAM nor atropine was effec- 
tive, but when administered together they 
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were extremely effective; even with 15 times 
the sure lethal dose of Paraoxon, 100 per cent 
of the animals survived. 

To round out the theory it was only neces- 
sary to show that cholinesterase was reac- 
tivated in vivo.15 

Hydroxylamine derivatives, including PAM, 
can react directly with many of these alkyl- 
phosphates. This reaction can also be exploit- 
ed for protecting animals from these toxic 
agents and emphasis has been placed upon 
this method by Summerson and Wagner- 
Jauregg'® of the Chemical Warfare Service. 
In the instances cited above, the direct re- 
action of PAM with the toxic agent is very 
slow and this is not the mechanism of protec- 
tion. For this direct reaction there are a num- 
ber of compounds which are superior to PAM. 
These agents, however, are only relatively 
poor reactivators of the enzyme. In cases of 
poisoning, where it is believed that the toxic 
agent is still present in the body, it may well 
be advantageous to include one of these com- 
pounds with PAM and atropine in the treat- 
ment. 
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Some aspects of the relation of 


ceruloplasmin to Wilson’s disease 


I. Herbert Scheinberg, M.D., Ruth S. Harris, M.A., 
Anatol G. Morell, M.A. and Donald Dubin, M.D. 


CERULOPLASMIN is a blue, copper-containing 
plasma globulin which normally constitutes 
about one-half of one per cent of the total 
plasma proteins.1 The present paper will de- 
scribe briefly the variations in concentration 
of ceruloplasmin encountered in normal sub- 
jects, in patients with Wilson’s disease and in 
unaffected members of their families, and in 
patients with liver disease, neurologic disease, 
and schizophrenia. The principal contribution 
of this paper is the elucidation of the mech- 
anism whereby the hereditary deficiency of 
ceruloplasmin which characterizes Wilson's 
disease is brought about." 

The plasma concentration of ceruloplasmin 
can be measured in at least four ways: 1) by 
quantitative determination of its blue color,? 
2) by measurement of the oxidase activity 
which ceruloplasmin imparts to plasma or se- 
rum,*:* 3) by immunochemical technics,!-> and 
4) by analysis of plasma or serum copper, since 
almost all of this is found in ceruloplasmin. 
The first two methods were used in this work. 


METHODS 


Spectrophotometric. Blood is drawn from a 
fasting subject and anticoagulated by adding 
it to 15 per cent of its volume of 2.5 per cent 
sodium citrate solution. (This method has not 
been made to work with serum.) The plasma 
is separated by centrifugation and clarified by 
a second and high-speed centrifugation. Using 
a 5.0 cm. path-length cuvette, the optical 
density (O.D.) of the plasma is measured in 
a Beckman DU spectrophotometer at about 
six wave lengths between 540 and 660 my, 
including 610 my. The blue color of the plas- 
ma ceruloplasmin is then destroyed by the 
addition of 0.1 ml. of 10 per cent sodium 
cyanide solution to each 2.5 ml. of plasma.* 





“We are indebted to Dr. C.-B. Laurell for suggesting the 
use of sodium cyanide to decolorize ceruloplasmin in plas- 
ma more effectively than ascorbic acid does. 
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About one hour later the optical densities are 
again read. After correction for the dilution 
due to the sodium cyanide solution, the dif- 
ference in optical density (/\ O.D.), before 
and after cyanide, is calculated at each wave 
length. When plotted against the wave length 
at which each was read, the /\ O.D.s should 
give a curve similar to that obtained with 
purified ceruloplasmin.?+ The concentration 
of ceruloplasmin, in mg. per 100 ml., is ob- 
tained by dividing the /\ O.D. at 610 my by 
0.0034.2 Since the relative volumes of blood 
and anticoagulant are known, the result can 
be corrected to the value in undiluted plasma. 

The accuracy of this method was estimated 
by adding sufficient purified ceruloplasmin 
(AK-38S)* to ceruloplasmin-free plasma from 
a patient with Wilson’s disease to make the 
final concentration of ceruloplasmin 66.1 mg. 
per 100 ml. In two determinations this plas- 
ma, with a pH of 7.5, was then found to con- 
tain 68.7 and 69.0 mg. of ceruloplasmin per 
100 ml., indicating an accuracy of about 4 
per cent. The standard deviation of the meth- 
od in seven sets of duplicate determinations 
on purified ceruloplasmin preparations was 0.7 
mg. per 100 ml.‘ 

Enzymatic. Ceruloplasmin is the only com- 
ponent of serum or plasma which catalyzes the 
oxidation of paraphenylenediamine.* Since oxi- 
dation of this white substance yields purple- 
colored compounds, the rate of the reaction 
is measured in a Beckman DU spectrophotom- 
eter, the cuvette chamber of which is kept at 
30.0° C. by means of thermospacers. 
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TABLE 1 
PLASMA CONCENTRATION OF CERULOPLASMIN IN NORMAL SUBJECTS 











Ceruloplasmin 
Initials Sex Age (mg. per 100 ml.) 
HS. M 33 33 
J.AM. b 22 25 
D.C. M 34 31 
B.C.H. M 32 27 
LA. F 40 23 
M.M.F. F 22 29 
W.B. M 32 16 
AS. F 32 18 
R.D.S. F 22 24 
A.H. F 27 20 
F.M. M 28 29 


( Spectrophotometric ) 








Ceruloplasmin 
Initials Sex Age (mg. per 100 ml.) 
A.P. M 35 25 
H.C.R. M 23 17 
D.D. M 22 32 
Js. M 25 18 
L.B. M 24 25 
C.M. M 23 23 
R.K. M 22 24 
M.N. M 27 16 
M.W. M 23 26 
W.W. M 25 16 
Mean: 23.7 





To 1.0 ml. of serum or plasma in a clean, 
dry 1.0 cm. path-length cuvette are added 
2.0 ml. of 0.5 per cent recrystallized para- 
phenylenediamine dihydrochloride in a solvent 
of the following composition: 25.0 ml. acetate 
buffer (pH 5.2, ionic strength 1.2 M), and 75.0 
ml. of 0.39 per cent acetic acid in 0.9 per cent 
sodium chloride. The contents of the cuvette 
are mixed. At accurately timed intervals of 
about one minute, the optical density of this 
mixture is read against water at 530 my, until 
the increase in O.D. with time becomes con- 
stant. This rate of increase is directly propor- 


tional to the concentration of ceruloplasmin in 
the plasma, and, under these conditions (pH 
of final mixture, 5.00 + .02; 30.0 + 0.1°C.), 
a /\O.D. per minute of 0.0285 corresponds 
to a serum or plasma concentration of cerulo- 
plasmin of 25 mg. per 100 ml. Autoxidation 
of the paraphenylenediamine, which can be 
measured with a serum blank containing no 
ceruloplasmin, produces a /\ O.D. of only 
0.001 per minute. The precision of this meth- 
od, determined from eight sets of duplicates, 
is such that the standard deviation is 0.0009 
A\ O.D. per minute. 


CONCENTRATION OF CERULOPLASMIN 





IN FAMILIES OF PATIENTS WITH WILSON’S DISEASE 
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Fic. 1. Plasma ceruloplasmin concentrations determined spectrophotometrically in normal subjects and in pa- 


tients with Wilson’s disease and some members of their families. Height of the bar is the mean. 
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TABLE 2 
PLASMA CONCENTRATION OF CERULOPLASMIN IN PATIENTS WITH WILSON’S DISEASE 
AND SOME OF THEIR PARENTS AND SIBLINGS 
( Spectrophotometric ) 
Ceruloplasmin (mg. per 100 ml.)}——— 
Initials Sex Age Patient Father Mother _Living Siblings 
M.M. F 15 3 18 22 
E.M. F 9 2 
“DB. M 10 5 10 
R.K. M 27 rr 3 
B.R. F a h a 5 : ai: 
Y.R. F 34 4 
HLK. F_ 16 =" “ae 5 
Ls M 43 3 24 F 28 
M.J.S. F 30 4 = = 
F.S. M 39 6 F 28 
es M | 
E.S. ae 25 (age 
“CM.  *F we 13 ‘ 
“DP. M 20 6 
D.R. M az 7 7 
j.T. M 16 ee Ce nes 26 M 26 
F 17 
H.T. ~_ 40 ae 7 ; 
D.W. M 1] x a 16 F 22 
_. F 98 : . pi a a sf fs 
DS. F 18 — a ay was 
“DAF. M 13 : 5 24 18 M 19 
F 29 
Ca F 5 Ear 3 oo ae 
pe F 21 o>, 20 24 “' aa 
M 29 
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RESULTS from the mean of the normal group by chance 


We first studied the concentration of cerulo- 
plasmin, determined spectrophotometrically, in 
a number of clinical conditions. 

Table 1 shows that normal subjects have 
about 24 mg. of ceruloplasmin per 100 ml. 
of plasma, with a range of 16 to 33 mg. per 
100 ml. 

Table 2 and figure 1 show the results in 26 
patients with Wilson’s disease. Here the mean 
level is 5 mg. per 100 ml., with several pa- 
tients possessing no detectable ceruloplasmin. 
The probability of getting such a difference 


is much less than 1 per cent, as calculated by 
the “t” test. Of perhaps even more signifi- 
cance is the lack of overlapping in the values 
from the normal group with those from these 
patients with Wilson’s disease. 

The results in table 2 indicate that neither 
the parents nor the unaffected siblings over 
the age of eight years (below which symp- 
toms of Wilson’s disease are rarely, if ever, 
present) appear to have any diminution in 
their plasma concentration of ceruloplasmin as 
compared to the normal subjects. Analysis 
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TABLE 3 
PLASMA CONCENTRATION OF CERULOPLASMIN IN PATIENTS WITH LIVER DISEASE 


( Spectrophotometric ) 








Ceruloplasmin 
Initials Sex Age Diagnosis (mg. per 100 ml.) 

W.]. M 50 " Laennec’s cirrhosis = 27 oo ag 
R. M 60 Laennec’s cirrhosis 89 
H.C. M 44 Laennec’s cirrhosis 36 
R.F. M — Hepato-splenomegaly 70 
C3}. F Anemia; hepatomegaly 36 
M.S. F 42 Hepato-splenomegaly 29 

_Mean: 40 





of these data confirms that there is no signifi- 
cant difference between the parent or sib- 
ling groups and the normal group. The one 
sibling with no ceruloplasmin is a younger 
brother of the very ill gil, G.G. His plasma 
was first examined when he was ten months 
old and, like his sister, he was found to have 
no ceruloplasmin then or at any of several 





subsequent examinations to his present age of 
three. 

It is of interest to see whether disease of 
the liver or of the central nervous system 
other than Wilson's disease is accompanied by 
decreased plasma ceruloplasmin concentration. 

In table 3 and figure 2 the plasma cerulo- 
plasmin levels of six patients with severe liver 


CONCENTRATION OF CERULOPLASMIN IN VARIOUS CONDITIONS 
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Fic. 2. Plasma ceruloplasmin concentrations determined spectrophotometrically in sev- 


eral clinical conditions. Height of the bar is the mean. 
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TABLE 4 
PLASMA CONCENTRATION OF CERULOPLASMIN IN PATIENTS WITH NEUROLOGIC DISEASE® 





( Spectrophotometric ) 











Ceruloplasmin 
Initials Sex Age Diagnosis (mg. per 100 ml.) 
G.F. M 6 Phenylpyruvic oligophrenia 25 
G.C. M 50 Jaundice; brainstem disease 23 
P.R. M 13 Involuntary movements 21 
H.M. M — Multiple sclerosis 25 
D.K. M 3 Congenital brain abnormality 35 
G.LaB F 8 Obscure neurologic disease 36 
A.P. M 47 Undiagnosed neurologic disease 29 
J.G. M 44 Undiagnosed neurologic disease 21 
A.C. M 36 Tremors, ? etiology 28 
S.H. F ll Dystonia 47 
H.K. M 27 Dyskinesia 23 
K.S. F 8 ? Cerebral palsy 46 
J.G. M 6 Dystonia musculorum deformans 25 
M.M. F 26 Acute polyneuritis 75 
E.B. M 60 Senile chorea ? 30 
A.O. M 58 Guillain-Barré syndrome 44 
A.S. M 42 Brain tumor 33 
G.H. M 48 Alcoholic polyneuritis 29 
D.U. F 2 Familial leukoencephalopathy ? 43 
W.U. M 5 Cerebral palsy; atonia; mental retardation 33 
B.U. F 4 Cerebral palsy; atonia; mental retardation 39 
M.S. F 4 Polyneuropathy, undetermined origin 29 
LS. M 34 Encephalitis, ? possible Guillain-Barré syndrome 20 
S.M. M 41 Undiagnosed neurologic disease 26 
H.A. M 62 Undiagnosed neurologic disease 27 
H.I. F 48 Flaccid paraplegia; reticulomyelopathy (possibly 
Guillain-Barré type) 42 
S.F. F 43 Cerebellar degeneration 23 
L.R. F — Huntington’s chorea 41 
| * s F 24 Basal ganglia disease 33 
M.E. F 54 Basal ganglia disease; cerebellar degeneration 18 
C.O. M 55 Undiagnosed neurologic disease 15 
D.V. F 25 Undiagnosed neurologic disease 17 
G.F. M 38 Hereditary ataxia 26 
Mean: 31 








*Except for the first two subjects listed in this table, all of these patients were studied in the Neurological Institute of 
the Columbia-Presbyterian Medical Center through the courtesy of Dr. H. H. Merritt. 


disease, by the usual criteria, are shown. These 
results demonstrate clearly that liver disease 
does not result in diminished concentration of 
plasma ceruloplasmin. 

In table 4 and figure 2 the plasma cerulo- 
plasmin concentrations of a heterogeneous 
group of 33 patients with a large variety of 
diseases of the nervous system are shown. 
Not one of these patients had a ceruloplasmin 

p 


level in the range shown by the patients with 
Wilson’s disease. Therefore, neurologic dis- 
ease does not seem to depress ceruloplasmin 
concentration. 

Figure 2 also shows results in 14 of 20 schizo- 
phrenic patients who were hospitalized either 
at the New York State Psychiatric Institute 
or at the Bronx Municipal Hospital Center. 
The mean plasma ceruloplasmin of these 20 








< uw 














SECTION ON NEUROCHEMISTRY 





< 7 
; We ¢ @ Age 
| . Wilson's Disease 
. | 
> 50F * + 
re | ° + 
4 oo 
: * 
230 
2 
4 ae 
| a> wher 
65 + 
a + 
+s - 
| 
~ + 
3) + 
—t 6 e ry a ic 1S 
> 
. fa 6 ¢ 
NK 9 Age I3 
-100F t s Wilson's Disease 
z70 < 
= + 
«50 .* 
2 x * 
240 
5 | o> ce 
23 ~*~ + 
a 3 le E. 
%, 
~ ¢, 
+ er? 
« 
PNY 
+ 
2 mn 4. 1 en 
4) a 8 pays lo 2 14 16 c. 


patients is 28 mg. per 100 ml. This is signifi- 
cantly higher than the mean of the normal 
group, since the probability of getting such 
a difference by chance is between 1 and 2 
per cent, as calculated by the “t” test. The 
overlapping of results from the normal group 
(range: 16 to 33 mg. per 100 ml.) with those 
from the schizophrenic group (range: 19 to 
37 mg. per 100 ml.) is so great, however, as 
to make the plasma concentration of cerulo- 
plasmin essentially useless in determining 
whether an individual is normal or schizophre- 
nic.'3 The clinical value of the difference be- 
tween normal and schizophrenic groups is 
even further lessened by the fact that the dif- 
ference from normals found in both the pa- 
tients with liver disease and neurologic disease 
has an even greater level of significance than 
P = 0.01, as calculated by the “t” test. These 
findings are of interest in view of a recent re- 
port which suggested that “ceruloplasmin ac- 
tivity’ might be elevated in schizophrenic, 
manic depressive, and senile psychoses.® 
Figure 2 also shows that, although pregnant 
women have very high plasma concentrations 
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Fic. 3. Plasma ceruloplasmin activity determined en- 
zymatically in a patient with Wilson’s disease follow- 
ing transfusion with fresh normal blood. Prior to 
transfusion, indicated by the arrow, this patient had 
no detectable ceruloplasmin in her plasma. Ordinate: 
plasma ceruloplasmin activity in arbitrary units plot- 
ted on a logarithmic scale. 
Fic. 4. Plasma ceruloplasmin activity determined en- 
zymatically in a patient with Wilson’s disease follow- 
ing transfusion with fresh normal blood. Prior to 
transfusion, indicated by the arrow, this patient had 
no detectable ceruloplasmin in her plasma. Ordinate: 
plasma ceruloplasmin activity in arbitrary units plot- 
ted on a logarithmic scale. 
Fic. 5. Plasma ceruloplasmin activity determined en- 
zymatically in the asymptomatic 13 month old sibling 
of G.G., following transfusion with fresh normal 
blood. Prior to transfusion, indicated by the arrow, 
this patient had no detectable ceruloplasmin in his 
plasma. Ordinate: plasma ceruloplasmin in arbitrary 
units plotted on a logarithmic scale. 
of ceruloplasmin at term, their newborn infants 
have levels almost identical to the average in 
patients with Wilson’s disease.7* The only 
other significant condition in which hypoceru- 
loplasminemia occurs is the nephrotic syn- 
drome where ceruloplasmin is excreted in the 
urine.® 
The foregoing results constitute evidence 
that a specific (and presumably inherited'*) 
deficiency of ceruloplasmin is seen in patients 
with Wilson’s disease. We were interested in 
determining whether this deficiency resulted 
from a diminishd rate of synthesis or an exces- 
sive rate of destruction of the protein in com- 
parison to the normal subject. For this pur- 
pose, incomplete exchange transfusions were 
performed in three subjects who had no detect- 
able plasma ceruloplasmin. Two of these in- 
dividuals were suffering from severe Wilson’s 
disease; the third was the younger brother of 
one of these, who has already been referred 
to, and who was asymptomatic. 
Enough normal blood was transfused into 
these subjects to raise their plasma concentra- 


tions of ceruloplasmin sufficiently so that meas- 
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urement of ceruloplasmin activity could be 
performed enzymatically, as described above. 
Following transfusion the enzymatic cerulo- 
plasmin activity of the serum was measured 
daily and the rate of fall of the concentration 
of the protein thereby determined. When 
plotted logarithmically a reasonably straight 
line was obtained from which the half-life of 
the protein could be calculated. In figure 3, 
this line, drawn through the points by the 
method of least squares, corresponds to a half- 
life of 4.69 days. In the second patient, where 
the precision of the results seems somewhat 
better, the ceruloplasmin appeared to have a 
half-life of 4.40 days (figure 4). In the third 
aceruloplasminemic subject, the asymptomatic 
boy who was then 13 months old, ceruloplas- 
min appears to have had a half-life of 3.21 
days (figure 5), but the precision of this ex- 
periment is the poorest of the three. Because 
of the time required to approach equilibrium 
in the distribution of the administered cerulo- 
plasmin, serum ceruloplasmin concentrations 
of the first two days were omitted in calculat- 
ing the half-life of the protein. 

DISCUSSION 

The finding of a specific deficiency of cer- 
uloplasmin in a patient who is not newly 
born and who is not suffering from the ne- 
phrotic syndrome is probably a necessary and 
sufficient condition for the diagnosis of Wil- 
son’s disease. Although this illness appears to 
be inherited in an autosomally recessive man- 
ner,'* neither the parents, who are, of course, 
carriers, nor the unaffected siblings of patients 
can be detected by means of plasma cerulo- 
plasmin determinations since both groups pos- 
sess normal concentrations of this protein. 

It appears that normal ceruloplasmin has a 
half-life of about four days in these three sub- 
jects who possess essentially no ceruloplasmin. 
Can this fact be of use in answering the ques- 
tion whether the deficiency of ceruloplasmin in 
patients with Wilson’s disease is due to exces- 
sive destruction or diminished synthesis of the 
protein? Let us assume, first, that the virtual 
absence of this protein is due to a much great- 
er rate of destruction of the protein than nor- 
mal. The rate of synthesis of the protein is 
assumed to be at least as great as the normal. 
Since these patients have less than 1 per cent 
of the normal concentration of ceruloplasmin, 


the half-life of ceruloplasmin in normal sub- 
jects would have to be at least 400 days, since 
it must be a hundred times greater than in 
these patients in the face of the same synthetic 
rate in the two groups. Such a half-life for a 
plasma protein is so large in comparison to 
those of plasma proteins that have been stud- 
ied as to be very unlikely.*° The alternative 
explanation for the absence of ceruloplasmin in 
these patients remains, that is, that their rate 
of synthesis of this protein is much less than 
normal. In the absence of evidence that pa- 
tients with Wilson’s disease synthesize an ab- 
normal ceruloplasmin which is broken down 
with a half-life of about an hour, it seems rea- 
sonable to conclude that deficient synthesis of 
ceruloplasmin is the cause of the low concen- 
trations of ceruloplasmin in this condition. 

The concept of Wilson’s disease as a specific, 
inherited deficiency of a plasma protein makes 
it closely analogous to such disorders as con- 
genital agammaglobulinemia and _ congenital 
afibrinogenemia.'!:!* The defect in these dis- 
eases, too, seems to lie in the synthesis, rather 
than in the destruction of the protein. 
SUMMARY 

We have presented the results of determina- 
tions of the concentration of the plasma pro- 
tein, ceruloplasmin, in various clinical condi- 
tions. These show that Wilson’s disease is 
characterized by a marked deficiency or ab- 
sence of the protein, but that neither liver dis- 
ease nor neurologic disease of various other 
kinds is associated with diminished concen- 
trations of ceruloplasmin. In fact, in both of 
these latter groups the mean value for plasma 
ceruloplasmin was significantly (P < 0.01) 
greater than the mean of the normal group. 
Although the mean concentration of plasma 
ceruloplasmin in a group of schizophrenic pa- 
tients was slightly higher than the mean of the 
normal group, determination of the concentra- 
tion of ceruloplasmin seems to be of no value 
in differentiating schizophrenic from normal 
individuals. Studies performed in patients with 
Wilson’s disease indicate that their deficiency 
of ceruloplasmin is a consequence of impaired 
synthesis of the protein. 


Professor John W. Fertig and Dr. Agnes Berger of the 
Columbia University School of Public Health and Adminis- 
trative Medicine kindly aided us in the statistical analysis 
of all the results of this paper. Dr. Raymond M. Simon 
assisted us in the study of patients in the Bronx Municipal 
Hospital Center. 
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Muscle proteins 


Beni Horvath, M.D. 


PROTEINS prepared from dystrophic muscles 
have been studied in the ultracentrifuge in an 
attempt to characterize these proteins by com- 
parison with similar preparations from normal 
muscle. Preliminary to these studies an ex- 
traction procedure giving high yield was re- 
quired because of the small size of the samples 
obtained on biopsy. A slight modification of 
the procedure of Hajdu and Szent-Gyorgyi' 
gave better yields than extraction with potas- 
sium chloride or with Weber-Edsall fluid. 

Muscle obtained on biopsy was stored in 
the deep freeze. The procedure was carried 
out with 2 gm. samples homogenized with 2 
ml. of a solution containing 1.2 M KI, 0.25 M 
NaHCoO,, 0.06 M Na.S.O., 2 mM adenosine 
triphosphate (ATP), and a trace of ascorbic 
acid at approximately pH 9. The homogenate 
was diluted with a solution containing all the 
above constituents at one-half of the concen- 
trations mentioned. The muscle residue was 
thrown down using the high speed attachment 
of the centrifuge, and the myosin-containing 
supernatant diluted to 0.05 M KI at pH 7 
(at room temperature). The precipitate was 
washed with 0.05 M KCl and dissolved by 
adding KC] to a final concentration of 0.5 M. 
The material so obtained was identified as 
actomyosin by its viscosity, by the decrease of 
viscosity on addition of ATP, and by the fact 
that threads pulled from it in 0.05 M KCl 
shortened on addition of ATP. 

In some instances controlled dialysis in the 
cold was used instead of the usual dilution to 
precipitate the myosin. This modification per- 
mits estimation of the amount of water soluble 
protein. The residue may be extracted with 
0.05 N NaOH in order to determine the 
amount of noncollageneous nitrogen. It ap- 
pears that the myosin fraction is diminished 
in dystrophy. This decrease is the more re- 
markable since it was observed on dystrophy 
muscles where other parameters (water con- 
tent, sodium, and potassium concentration) 
showed relatively small changes from the nor- 
mal. 
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in dystrophy 


The material obtained by this procedure 
from normal human or goat muscle appeared 
to be a fairly homogenous preparation of myo- 
sin when studied in the ultracentrifuge at low 
temperature. The same procedure applied to 
human dystrophy muscle yielded polydisperse 
material. This finding was thought to be in 
general agreement with the several different 
molecular lengths found in myosin prepared 
from myopathic human muscles.? 

It was found that myosin from vitamin E 
deficient rabbits precipitates at higher salt con- 
centrations than myosin prepared from normal 
muscle.* Dialysis of the KI extract of human 
dystrophy muscles against 0.2 M KCl (buf- 
fered to pH 7 with sodium phosphate) pre- 
cipitated about half of the myosin, with the 
other half precipitating at 0.1 M KCl. This 
new step introduced into the preparative pro- 
cedure resolved the polydispersity of the dys- 
trophic myosin into better defined components. 

For the individual characterization of these 
components it was thought necessary to work 
out preparative details applicable to the lim- 
ited amount of material available. In_ the 
search for more abundant dystrophy material 
on which different preparative procedures 
could be tested, extracts of mouse muscle have 
been studied. These mice came from the strain 
in which a condition closely resembling human 
dystrophy is inherited according to a recessive 
scheme.t The mice were sacrificed after defi- 
nite signs of their abnormality were estab- 
lished in the form of persistently low or declin- 
ing weight as compared to normal littermates 
or in the form of seeing “clinical” signs of the 
disease. The human dystrophy muscles studied 
represented early stages of the disease. There- 
fore, the mice were sacrificed not later than 
seven to ten days after the first noticeable 
signs. 





From the section of clinical neurochemistry, National In- 
stitute of Neurological Diseases and Blindness, Bethesda, 
Maryland. 

Abstract of paper presented at the first annual meeting of 
the Section on Neurochemistry, American Academy of 
Neurology, Boston, April 25, 1957. 
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Potassium iodide (KI) extracts of the mus- 
cles of mice showing “clinical” signs of the 
disease gave patterns in the ultracentrifuge 
similar to those seen in the case of the human 
dystrophy material, that is, the myosin frac- 
tion appeared to be polydisperse. In contrast 
to the findings on normal human and goat 
muscles, however, normal mouse muscles also 
gave polydisperse myosin when extracted with 
KI. When KCl was used for extraction, the 
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myosin fractions of both normal and dys- 
trophic mouse muscles again appeared to be 
similar in the ultracentrifuge, and all prepara- 
tions seemed to: be somewhat less polydisperse. 

There was an apparent decrease of the myo- 
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muscle relative to other muscle proteins; this 
is similar to the observation on human muscle. 
The possible significance of these findings is 
discussed. 


3. Azzone, G. F., and Atrors1, M.: Early changes of 
myosin in vitamin E-deficient rabbits. Biochim. et 
Biophys. Acta 18:451, 1955. 

4. Micnetson, A. M., Russer, E. S., and Harman, P. 
J.: Dystrophia muscularis: A hereditary primary my- 
opathy in the house mouse. Proc. Nat. Acad. Sc. 41: 
1079, 1955. 


— 


A collagen-like compound isolated 


from spinal cord 


Elizabeth Roboz, Ph.D.,* Nezahat Henderson, M.S. 
and Marian W. Kies, Ph.D. 


IN THE SEARCH for the allergic encephalomye- 
litic agent known to be present in nerve tis- 
sue, bovine spinal cord was fractionated and 
the various fractions tested for activity in the 
guinea pig. It was found that the lipid-free 
residue has a higher activity than the organic 
solvent soluble fractions. It was further found 
that the activity of the lipid-free residue is 
not attenuated in comparison to the starting 
material,' as previously reported for other 
preparations.” 


EXPERIMENTAL 


The lipid-free residue was extracted with 
water by autoclaving at 15 pounds pressure, 
and the extract was dialyzed and lyophilized. 
It was found that about one-fifth of the ex- 
tracted material was removed by dialysis. Pre- 
liminary tests disclosed that the nondialyzable 
fraction is protein in nature, with a small 
amount of glycogen and nucleic acid, the latter 
indicated by the presence of ribose on a chro- 
matogram after hydrolysis. Ammonium sulfate 
fractionation yielded four fractions. The most 
active fraction, which accounted for about 40 
per cent of the total weight, was obtained at 
60 per cent saturation. This was further puri- 
fied and its physicochemical properties studied. 


PROPERTIES OF THE COMPOUND 


Ultracentrifugal and electrophoretic meas- 
urements indicated that this protein consists of 
one major component.** The compound con- 
tains 17.61 per cent nitrogen (by Dumas) but 
no sulfur or phosphorus. Chromatography of 
the hydrolysate* revealed the presence of hy- 
droxyproline and hydroxylysine, characteristic 
components of collagen. The only protein from 
mammalian tissue which contains a significant 
amount of hydroxyproline is collagen. There- 


°*°The results of these measurements, including molecular 
weight from sedimentation constants, will be published 
elsewhere by Dr. M. Mackenzie. 
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fore, it was considered that the compound 
belongs to the collagen group. Quantitative 
analysis of all the amino acids has been car- 
ried out by the use of microbiologic methods, 
except hydroxyproline and hydroxylysine. 
These two amino acids were determined by 
other procedures.®.6 

The amino acid composition of this protein 
was compared with that of collagen obtained 
from various sources. The values are very 
close, with the possible exception of glycine, 
which is somewhat lower (20.3 per cent) in 
our compound; collagen contains about 26 
per cent. Recently a fibrous protein was iso- 
lated from vitreous humor of the eye, called 
vitrosin by the authors,” and, although atyp- 
ical, it was classified as a member of the col- 
lagen class. Vitrosin contains 19 per cent gly- 
cine. Detailed comparative studies would be 
necessary to establish whether our protein has 
a closer relationship to vitrosin than to the 
more conventional type of colla, a. 

The carbohydrate content was determined 
quantitatively and the constituent sugars iden- 
tified by paper chromatography. Glucose, man- 
nose, galactose, and fucose were found. The 
presence of glucose, mannose, and galactose 
has been demonstrated in collagen.* The mini- 
mum molecular weight calculated from the 
amino acid analyses was found to be 39,077. 
Bowes and Kenten® reported a minimum mo- 
lecular weight for collagen of 38,730 calcu- 
lated by the same procedure. 
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ALLERGIC ENCEPHALOMYELITIC ACTIVITY 


This compound, when injected into guinea 
pigs, induces encephalomyelitis. It has been 
compared quantitatively with lyophilized bo- 
vine cord and found to have a specific activ- 
ity of two to two and one-half times that of 
the original cord. In view of the yield of this 
compound (3.2 per cent of cord acetone pow- 
der) and its state of purity, this enrichment 
in specific activity is not sufficient to warrant 
the conclusion that it is the principal active 
constituent of bovine cord. Another protein 
with higher specific activity has been obtained 
from the same starting material. Whether the 
activity of the collagen-like protein is an in- 
trinsic characteristic or results from traces of 
the more active antigen cannot be stated at 
present. It would be interesting to prepare 
collagen from some other tissue in the same 
way as this protein, and to test it for allergic 
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encephalomyelitic activity under the same con- 
ditions. 
SUMMARY 


A homogeneous fibrous protein has been 
isolated in a high state of purity from bovine 
spinal cord and its physicochemical properties 
studied. Complete quantitative amino acid 
analyses have been made. Based on the high 
hydroxyproline content and the presence of 
hydroxylysine, it is suggested that this pro- 
tein belongs to the collagen group. 

The compound induces allergic encephalo- 
myelitis in guinea pigs, and its specific activity 
is greater than that of the crude cord material 
from which it was prepared. The increase in 
activity, however, is not sufficient to warrant 
its designation as the active agent, but rather 
suggests the possibility that a very active frag- 
ment, itself a protein or polypeptide, is ad- 
sorbed on the collagen. 
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Nucleic acid content of cerebral 


neurons 
R. G. Grenell, Ph.D. 


NUCLEIC ACID ANALYSES are being performed 
as part of an investigation of metabolic cor- 
relates of neuronal activity under various con- 
ditions. The initial analyses have been made 
on various areas of the rat brain to establish 
a reproducible analytic scheme and provide 
a base line for any variations that might be 
observed when the brain had been subjected 
to various physiologic stresses or agents. Al- 
though the many regions of the brain differ 
markedly from one another in metabolic as 
well as structural ways, prior nucleic acid 
analyses for the most part have been per- 
formed on the whole brain, ignoring the in- 
ternal differences. Perhaps this is the factor 
that is at least partially responsible for the 
marked variability to be found in the litera- 
ture for RNA and DNA values on whole brain 
(for DNA in terms of DNA-P/100 gm., 13.5- 
36.8 mg.; for RNA in terms of RNA-P/100 gm. 
tissue, 9.4-19.1 mg.; for the RNA/DNA ratio 
0.94-3.1).* 

Although many of the procedures previous- 
ly employed by other investigators were tried, 
several were found to be inadequate. The 
procedure finally adopted was the ultraviolet 
method of Logan and co-workers.! Two pairs 
of duplicate samples were run to determine 
the total nucleic acid and DNA. The Schnei- 
der extract of residue from lipid extraction 
(5 per cent TCA, hydrolyzed for 15 minutes 
at 90° C.) was read at 268 my» when total nu- 
cleic acid was measured. The Schmidt-Thann- 
hauser procedure was followed in the deter- 
mination of DNA. The lipid residue was ex- 
tracted overnight at 37° C. with a volume of 
1 N potassium hydroxide equal to ten times 
the weight of the tissue being analyzed. A 
known aliquot of the alkaline extract was acidi- 
fied with 0.2 the volume of the aliquot of 


*Abbreviations: RNA= ribonucleic acid; DNA = deoxy- 
ribonucleic acid; P= phosphorus; TCA = trichloracetic 
acid; NAP = nucleic acid phosphorus; TNA = total nucleic 
acid. 
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6 N hydrochloric acid containing 5 per cent 
TCA. The residue was extracted in the same 
manner as the Schneider extract of total nu- 
cleic acid. The ultraviolet absorbance was 
read at 268 my. An attempt was made to use 
the perchloric acid method developed by Ogur 
and Rosen for plant tissue and modified for 
mammalian tissue by Moule. This procedure 
gave elevated values for DNA due to inter- 
fering ultraviolet contaminants, which presum- 
ably are protein degradation products. Logan 
and co-workers reported similar results. 

It had been observed that TCA solutions of 
both DNA and RNA which had been hydro- 
lyzed for the same length of time have the 
same absorptivity at 268 my. The absorp- 
tivity which is used here is stated in terms of 
mg. NAP/cc. It is readily converted to the 
atomic extinction coefficient by multiplying by 
30.98. Several factors are involved in the use 
of this crossover point. First, the value for ap 
has been found by us (as well as by others) 
to be 320 for RNA, using commercial prepa- 
rations. The correct ap awaits measurements 
on nucleic acid from neural tissue. A second 
factor concerns the following of Beers’ law 
when dealing with concentrations less than 
45 DNA/cc. or 4.0 DNA-P/cc. Previous re- 
ports by Blout and Asadourian would support 
such agreement. 

The effect of preliminary treatment in the 
selection of the tissue is important. The head 
is separated from the animal following a stun- 
ning blow on the head. The brain is removed 
and the different areas separated while the 
tissue is kept cold. The various parts are 
placed in ice water to remove surface blood 
and are then weighed and analyzed. It has 
been found that more reproducible results are 
obtained if the tissue pieces are blotted prior 
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TABLE 1 
NUCLEIC ACID CONCENTRATIONS IN THE DIFFERENT AREAS OF THE RAT BRAIN, 











IN MG. P/100 GM. WET WEIGHT TISSUE 











Area Preparation TNA 

Cerebral cortex Frozen (unblotted) 213 + 7.1 

Frozen (blotted) 29.1 + 2.1 

Fresh 22.5+ 1.3 

White matter Frozen 17.0+1.4 

Fresh 18.4 + 2.7 

Cerebellum Frozen 50.0 + 1.5 

(whole ) Fresh 58.3 + 2.8 

Medulla Frozen 13.9 + 2.3 
Fresh 


to weighing (table 1). A comparison of cere- 
bral areas which had been kept frozen with 
fresh tissue samples shows that the total nu- 
cleic acid in the cerebellum is decreased in 
the frozen tissue. This difference in the cere- 
bral cortex and white matter is statistically not 
significant. The DNA content is the same in 
the fresh and frozen tissues of the cerebral 
cortex and cerebellum. The RNA in the cere- 
bellum is reduced by approximately 44 per 
cent in frozen cerebellum, while the DNA is 
the same in both preparations. The total nu- 
cleic acid in these three areas, when allowed 
to remain warm for about five minutes, is de- 
creased by 20 per cent in the cortex, 27 per 
cent in the white matter, and 37 per cent in 
the cerebellum. This decrease in the cerebel- 
lum is greater than the RNA content so that 
DNA must also be degraded. 

There are several hypotheses which could 
be advanced to explain these differences: 1) 
REFERENCE 
1. Locan, J. E., MANNELL, W. A., and Rossrrer, R. J.: 


Estimation of nucleic acids in tissues from the nervous 
system. Biochem. J. 51:470, 1952. 








13.0 + 1.7 





RNA/DNA 
6.9 + 1.0 14.3 + 7.2 2i +1Li 
715+0.1 15.6 +23 20 +03 
7.0 + 0.6 15.5 +15 21 +03 
88+23 82+27 093+04 
84+1.1 10.0 + 2.9 12 +04 

39.4 + 4.5 106+47 027+0.12 
38.2 + 4.0 


20.1 + 4.9 


0.53 + 0.14 


A particularly labile RNA is present in the 
cerebellum which is degraded during the slow 
freezing and thawing process, or it is present 
in greater amounts in the cerebellum than the 
cortex. 2) An enzyme is present to a larger 
extent in the cerebellum than in the cerebral 
cortex, which degrades the RNA during the 
freezing and thawing process. It is known 
that different enzymes are present in the dif- 
ferent areas of the brain, and Jordan has ob- 
tained evidence that different amounts of ribo- 
nucleases are to be found. 

To test this last hypothesis, homogenates of 
cerebral cortex and cerebellum were assayed 
for the ribonuclease and 5/-nucleotidase activ- 
ity. There appears to be more ribonuclease 
activity and less 5’-nucleotidase in the cerebral 
cortex than in the cerebellum. Hence the ribo- 
nucleic acid in the cerebellum may be degrad- 
ed more rapidly because of the larger concen- 


tration of the 5/-nucleotidase. 


~~ 





Quantitative histochemistry of 


selected central tracts 


D. B. McDougal, Jr., 


Tuis 1s PART of an attempt to correlate chem- 
ical composition with structure and function 
within the nervous system. Central fiber tracts 
offer real advantages for this purpose, because 
of their comparative simplicity. Nevertheless, 
a list of anatomic and physiologic characteris- 
tics which might well be expected to influence 
the chemical structure of a tract would in- 
clude the following: axon caliber, length of 
axon, amount and type of myelin, amount and 
type of glia, distance of the sample from the 
cells of origin of the tract, vascularity, and 
function. Since many of these characteristics 
are unknown or are known only very impre- 
cisely for any tract, only fiber caliber and de- 
gree of myelination, which tend to vary to- 
gether, have been considered in the present 
study. 


METHODS 


Tissues were removed from the animal (rab- 
bit) as soon after decapitation as possible and 
frozen in liquid nitrogen. Methods of han- 
dling, dissecting, and weighing the tissue have 
been described by Lowry.' Cross-sections of 
the tracts were cut at 25 micra and dried at 
—40° C. Pieces used for assay included the 
whole cross-section of the tract or anatom- 
ically specified portions of the cross-section; 
these weighed from 0.5 to 3 micrograms. The 
pyramidal tract (at the level of the medulla) 
was divided into medial and lateral halves. 
Dorsal columns (midcervical cord) were di- 
vided into dorsal, middle, and ventral por- 
tions. The optic tract was divided into six 
pieces from ventrocaudal to dorsorostral across 
the long axis of the tract. The most ventro- 
caudal piece probably corresponds to the 
small-fiber portion of the optic tract, as de- 
scribed for the cat by Bishop and Clare* and 
Bishop and associates.® 

Total lipid and fat-free dry weight were 
determined gravimetrically._ The method of 
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Albers and Lowry* for total cholesterol was 
modified so that cholesterol was extracted di- 
rectly with the trichloroethane-acetic anhy- 
dride mixture for 20 minutes at room tempera- 
ture, and fluorescence was developed in the 
presence of the tissue. 

Fumarase (fum.) and glutamic-aspartic 
transaminase (trans.) were measured by flu- 
orometric methods.5.* Phosphoglucoisomerase 
(isom.) was measured colorimetrically.** Glu- 
cose-6-phosphate dehydrogenase (G6PDH)' 
and isocitric dehydrogenase (ICDH)+t were 
determined by fluorometric measurement of 
the TPNH produced. 

Total extractable lipid is reported as per 
cent of dry weight, cholesterol as moles per 
kilo total lipid, and enzymes as moles of sub- 
strate acted upon or product produced per 
kilo fat-free dry weight per hour. 

RESULTS AND DISCUSSION 

The tracts used were selected to give a wide 
range of average fiber calibers. Fornix, ha- 
benulo-interpeduncular tract, mammillothalam- 
ic tract, and the bundle of fibers lying along 
the caudal and ventral aspect of the optic tract 
are composed largely of very small fibers; dor- 
sal columns contain many large fibers; and the 
rest of the optic tract, olfactory tract, and 
pyramidal tract fall in between these two ex- 
tremes. On the basis of lipid content, these 
tracts fall into three distinct and widely sepa- 
rated groups, the small-fiber group being rela- 
tively poor in lipid, the large-fiber group high 





**Buell, M. V., Lowry, O. H., Kappahn, J. I., and Roberts 
N. R. (to be published). 

t+Lowry, O. H., Roberts, N. R., and Lewis, C. (to be 
published. ) 
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TABLE 1 
Total Choles- i Tea 7 pais oe ra a 
Tract Lipid’ terol? Isom. G6PDH* ICDH* Fum. Trans* 
Dorsal columns 1 76.1 657 95 6.34 4.70 9.30 6.45 
Olfactory 69.9 561 123 2.53 3.86 14.1 9.54 
Mammillothalamic 57.8 526 117 1.44 5.79 29.8 24.0 
Optic 1 61.5 572 226 2.34 4.96 8.15 22.6 
5&6 717 .596 310 2.05 2.48 5.76 11.1 
Average brain 50 .68 250 


1.50 8 40 60 


As per cent of dry weight. *Moles per kilo total lipid. *Moles per kilo fat-free dry weight per hour. 


in lipid, and the tracts with intermediate fiber 
caliber also being intermediate in lipid con- 
tent. Cholesterol distribution followed total 
lipid distribution fairly closely. Table 1 gives 
an example from each group, plus the small- 
fiber portion (optic 1) and a sample from the 
rest of the optic tract (optic 5 and 6), which 
belong to the small-fiber and intermediate- 
fiber groups, respectively, but vary somewhat 
from other members of their groups in enzyme 
activity. 

Large differences in enzyme activities were 
found among the tracts. Phosphoglucoisomer- 
ase was present at about the same levels in 
representatives of all three groups, but was 
high in optic tract. High levels of some gly- 
colytic enzymes, including isomerase, have 
been reported previously for this tract. In 
contrast, optic tract was lower in fumarase 
than other members of the corresponding 
groups. With this exception, the tracts showed 
increasing fumarase activity with decreasing 
lipid content. Transaminase also varied from 
group to group in this way, with optic tract 
no exception. Glucose-6-phosphate dehydro- 
genase, on the other hand, was present at 
higher levels in tracts with high lipid con- 
tent than in those with low lipid content. 
Isocitric dehydrogenase activity was somewhat 
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lower in the intermediate group than in the 
other two. 

Interpretation of these data in terms of tract 
structure and function is difficult and prema- 
ture, in view of the lack of precise anatomic 
information. The presence in optic tract of 
high activities of some glycolytic enzymes, 
combined with low fumarase activity, might 
suggest that optic tract is more dependent on 
glycolysis for its energy than the other tracts. 
If so, whether this is related to differences in 
blood supply, rate of energy consumption, or 
some other factor cannot be determined at 
present. It does not seem unreasonable that, 
in tracts with low lipid content and hence a 
high concentration of protein, a high concen- 
tration of transaminase should be found. How- 
ever, there does not seem to be any reasonable 
explanation for the association of a high glu- 
cose-6-phosphate dehydrogenase activity with 
either a high lipid or low protein content or, 
for that matter, with large caliber or heavily 
myelinated axons. Nevertheless, it is believed 
that the chemical differences are reflections of 
structural and functional differences among 
the several tracts, and that eventually it will 
be possible to discuss the chemical structure 
of a tract in terms of its anatomic components 
and physiologic attributes. 
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Substrate utilization of peripheral 


nerves 


I. H. Heller, M.D. and S. Hesse, M.D. 


RECENT Clinical interest in the peripheral neu- 
repathies has prompted the present study of 
substrate utilization of peripheral nerves. As 
is well known, demyelinating lesions of nerves 
can be caused by a wide variety of etiologic 
agents and conditions, resulting in fairly simi- 
lar clinical disturbances. The mechanism by 
which interference with normal function oc- 
curs is not known. 

The multiple types of peripheral neuropathy 
suggested to us that the interference with me- 
tabolism in each case occurred at a common 
level or levels of intermediate metabolism. The 
present study was designed to serve as a back- 
ground for the investigation of the metabolic 
defects in different forms of demyelinating dis- 
eases of peripheral nerve. We have tried to 
establish a pattern of substrate utilization by 
nerves from normal animals in order to com- 
pare it with the patterns obtained from patho- 
logic material. Studies during certain physio- 
logic states have also been performed. 


METHODS 


Sciatic obtained from adult 
Wistar rats. Normal rats were killed by a blow 
un the head and then decapitated. Blood was 
collected for determination of glucose. Nor- 
mal values were 120 mg. per cent. Respira- 
tion was measured in the standard manner as 
follows. Each nerve was placed in a Warburg 
flask containing phosphate-buffered medium 
resembling spinal fluid. The initial pH of the 
medium was 7.8 to 8.0. Various substrates 
were added at the start of the experiment to 
one of the vessels to give a final concentration 
of 0.01 M; the other vessel containing the 
other member of the pair of nerves served as 


nerves were 


a substrate-free control. 

A further series of similar studies was per- 
fermed on rats which were fasted for 24 hours 
and then given 25 units of crystalline zinc 
insulin intraperitoneally. After three hours the 
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animals were comatose and were then killed, 
as described above. Blood sugar levels were 
consistently below 40 mg. per cent in all 
comatose animals. 
RESULTS 
Autoxidation 

The rate of oxygen uptake for normal 
nerves, without substrate addition, varies con- 
siderably from animal to animal. The autoxi- 
dation rate of nerves from insulinized animals 
was usually depressed and showed less scatter. 
In both instances the rates decreased with 
time, and differences between the means were 
statistically significant even during the third 
hour. 


Effects of Added Substrates 

Glucose, mannose, fructose, sucrose, pyru- 
vate, and succinate all produced a definite in- 
crease in oxygen uptake in nerves from both 
normal and insulinized animals. The effect of 
glutamic acid was less marked. In general, 
moreover, the rates of nerves from insulinized 
rats with added substrate approach those of 
normal animals with the corresponding sub- 
strate. 

Glycine, fumarate, and galactose had no 
apparent effect on respiration of nerves from 
normal animals. The preparations from insulin- 
ized animals showed a more definite response 
to fumarate and galactose than did the nerves 
from normal animals; however, the small num- 
ber of experiments precludes the drawing of 
definite conclusions on this point. 

The addition of insulin to the medium con- 
taining glucose or mannose caused no change 
in the respiratory rate of nerves from insulin- 
ized animals. 
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The addition of sodium fluoracetate to the 
medium had no effect on the autoxidation rate 
of normal nerves, nor did arsenious trioxide. 

Following the work of Geiger, who showed 
enhanced glucose uptake by brain in situ in 
the presence of uridine and cytidine, these 
substances were added to the medium of nor- 
mal nerve, both singly and in combination and 
together with glucose. No appreciable differ- 
ence in the oxygen uptake rate was noted in 
any of these preparations. 

An attempt was made to render the animals 
hypoglycemic and comatose by the injection 
of phlorizin. Although a persistent glycosuria 


was obtained, the blood sugars were only 
slightly below normal, around 80 mg. per 
cent, and no coma was obtained. The autoxi- 
dation activity of these nerves was within nor- 
mal range. 

It is planned to induce lesions in periph- 
eral nerves by section of the nerves, by the 
administration of toxic substances, by dietary 
deficiency, and by the production of an aller- 
gic neuropathy. The results of substrate utiliz- 
ation under these conditions will be studied 
and compared with those obtained in the nor- 
mal animal. Possible interference with the met- 
abolic activity of these nerves will be sought. 





Increase in rate of olucose utilization 


during activity in excised 


sympathetic ganglia 


Michel Dolivo, M.D.° 


METABOLIC MEASUREMENTS at 37° C. on sym- 
pathetic ganglia excised from rats have pre- 
viously shown that oxygen consumption ac- 
celerates when activity is caused by pregan- 
glionic nerve stimulation. Consumption of 
exogenous glucose also accelerates, but the 
increase is entirely accounted for as lactate 
produced.'-* Therefore, this additional oxygen 
must combine with endogenous substrates. 
This agrees with conclusions of other investi- 
gators concerning substrate utilization in ex- 
cised nerve trunks and brain.*.5 

After the above experiments were performed, 
it was found that some ganglion preparations 
have anoxic cores at 37° C. but that none are 
anoxic at 23° C.® Therefore, the observations 
were repeated at 23°. Effects of pH were also 
investigated. 

Experiments concerning glucose uptake and 
lactate output were divided into five successive 
periods: 1) an initial resting period, two hours 
in length; 2) a period of one-half hour during 
which the preganglionic nerve was stimulated 
supramaximally at an average frequency of 
4.6/sec.; 3) a period of two hours during 
which the stimulation was continued; 4) a 
recovery period of one-half hour immediat=ly 
after stopping stimulation; and 5) a final rest- 
ing period of two hours. Resting rates of glu- 
cose uptake and lactate output corresponding 
to periods 2, 3, and 4 were determined by 
interpolation between periods 1 and 5. Ex- 
cess amounts in periods 2, 3, and 4 above the 
interpolated resting rates were considered to 
be activity increments, and their sum was di- 
vided by 2% to obtain the increment in ac- 
tivity rate per hour of stimulation. Results are 
given in the accompanying table. 

The following conclusions may be drawn 
concerning metabolism at 23°: 
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1. Glucose uptake and lactate output were 
both accelerated by activity. It may be em- 
phasized that these increases could not be 
due to a Pasteur effect operating in an anoxic 
core, as had been thought possible in inter- 
preting the earlier experiments at higher tem- 
perature. 

2. Both the resting output of lactate and 
the activity increment in output of lactate 
declined significantly as the pH was lowered. 

3. The mean difference between the activ- 
ity increments in glucose uptake and lactate 
output, which is a measure of the activity in- 
crement in glucose available for oxidation, in- 
creased as the pH was lowered. This pH ef- 
fect was of doubtful significance statistically. 

4. With the neurons at rest, the rate of oxy- 
gen uptake was in good agreement with the 
rate at which glucose was available for oxi- 
dation at all values of pH. 

5. At pH 7.0 and 6.8 the activity incre- 
ment in oxygen uptake was in good agreement 
with the activity increment in glucose avail- 
able for oxidation. The agreement was poor 
at pH 7.4, although even here the disagree- 
ment was not statistically significant. 

Thus, in general, it may be concluded that 
oxygen uptake is adequately accounted for by 
glucose metabolism at 23° C. in active ganglia, 
as well as in resting ganglia. This contrasts 
with previous findings at 37° C. where endo- 
genous substrate must have been oxidized dur- 
ing activity. 





From the department of biophysics, Johns Hopkins Univer- 
sity, Baltimore, Maryland. 

Abstract of paper presented at the first annual meeting of 
the Section on Neurochemistry, American Academy of 
Neurology, Boston, April 25, 1957. 

°Fellow of the Swiss Academy of Medicine, 1955-1957. 
This investigation was supported in part by a research 
grant (No. B-702) from the National Institute of Neuro- 
logical Diseases and Blindness, National Institutes of 
Health, U.S. Public Health Service. 








oe 














divided by 2%. 


Percentage increase was independent of pH). 
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‘Mean of ten observations (approximately incependent of pH). 
(Mean resting rate) X (mean of six determin tions of peak percentage increase during stimulation at 4.6 per sec.) 
(0.88). The latter factor was estimated to allow for decline 














TABLE 
METABOLIC RATES AT 23° C. — MG./G. DRY WT./HR. (Mean = s.e.m.) 
H: 7.4 7.0 6.8 
No. of Observations: 8 7 6 
1. Glucose uptake At rest 45+ 0.2 43+ 0.3 3.7+04 
Activity increment’ 46+0.4 43+0.4 3.4+04 
2. Lactate output At rest ListGl 0.9 + 0.1 0.6 + 0.1 
Activity increment 3.8 + 0.4 27+0.4 14+ 0.2 
3. Glucose uptake 
minus lactate output At rest 3.4 + 0.2 3.4+ 0.3 3.1+ 0.4 
Activity increment 0.8 + 0.4 16+ 0.5 2.0 +04 
4. Oxygen uptake as glucose At rest® 3.3 + 0.2 
equivalent Activity increment 1.7+0.4 
‘Activity increments tn glucose and lactate exchanges = total excess caused by 2% hours of stimulation at 4.6 per acc. 


from the peak rate during 2% hours of stimulation 
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Effect of olutamate and glutamine 


on the intracellular electrolytes 


of nervous tissue 


Adelbert Ames, III, M.D. 


IN THE CouRSE of an investigation of factors 
controlling the transfer of water and electro- 
lytes across nerve cell membranes, we have 
examined the effect of different external con- 
centrations of glutamate and glutamine on the 
volume and electrolyte composition of the in- 
tracellular fluid of rabbit retinas. 

Retina was selected as the tissue in which 
to study these phenomena because of charac- 
teristics making it unusually suited for study 
in vitro. About one-eighth of the retina is spe- 
cialized for photoreception. The rest appears, 
on the basis of its embryology, morphology, 
function, and chemistry, to be basically similar 
to other examples of central nervous system 
gray matter. The retina offers four important 
advantages: it can be removed rapidly with- 
out being cut; it is thin enough (0.1 mm.) to 
be nurtured by diffusion; it is tough enough 
to remain intact during incubation; and it is 
of sufficient mass to permit multiple analyses 
by semimicro methods. 

The experiments consisted of isolating the 
retinas from anesthetized rabbits in a warm 
room at 98° F. and analyzing them, either im- 
mediately or after incubation in a control me- 
dium or a test medium. The retinas were 
analyzed for wet weight, dry weight, total 
water by difference, sodium, potassium, chlor- 
ides, and inulin. Recovery experiments showed 
that the analytic error could be expected to av- 
erage not more than | per cent. The amounts 
of water and electrolytes that were intracellu- 
lar were estimated by subtracting from the 
total water and electrolytes those calculated to 
be extracellular, using inulin to define the 
volume of the extracellular space. 

The control medium corresponded to spinal 
fluid in electrolyte composition and contained 
a bicarbonate buffer and glucose as substrate. 
It was equilibrated with a gas phase of 5 per 
cent carbon dioxide and 95 per cent oxygen. 
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Sodium L-glutamate, sodium D-glutamate, or 
L-glutamine were added as solids to the basic 
medium. 

Retinas incubated for up to one hour in the 
control medium appeared, on histologic exam- 
ination, to be indistinguishable from in vivo 
retinas; and their intracellular water and elec- 
trolytes showed little effect from their having 
been isolated and maintained in vitro (figures 
1 and 2). 

Retinas incubated with glutamate showed 
an increase in intracellular water and _ total 
monovalent cation (figure 1). An effect was 
evident with as little as 0.5 mM/L of glu- 
tamate. The D-isomer had essentially the same 
effect as the natural compound. These changes 
were probably the result of an active accumu- 
lation of glutamate by the incubating cells, 
the glutamate being accompanied by an equiv- 
alent amount of cation and by sufficient water 
to maintain isotonicity. The amount of cations 
and water entering the cells was quantitatively 
in accord with the amount of glutamate feund 
by Terner and associates! to accumulate in 
ox retinas incubated in comparable external 
concentrations of glutamate. 

When the movements of the individual ions 
were examined in these same retinas (figure 
2), the effect of the glutamate appeared more 
complicated. Changes were again evident with 
as little as 0.5 mM/L and much more marked 
with 5 mM/L. Potassium left the cell and 
sodium and chlorides entered during the first 
ten minutes, followed by a rather abrupt 
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change and a tendency to return toward nor- Fic. 1. Effect of glutamate on intracellular water and 


mal. The medium was presumably not chang- 
was 400 
The events in the first 


ing during this period, as its volume 
times that of the tissue. 
ten minutes may have been related to a rapid 
influx of 


in the 


glutamate following its sudden in- 


crease extracellular fluid; and the sub- 
sequent return of the electrolytes toward nor- 
mal may have coincided with the reestablish- 
ment of a more normal concentration gradient 
of glutamate across the cell membrane. 

The changes occurring during incubation in 
5 mM /L of L-glutamine are shown in figure 3. 
The 


there 


intracellular water steadily increased and 
the 
chlorides. 


was a concomitant dilution of in- 


tracellular potassium, sodium, and 
These changes were probably secondary to the 
accumulation of the osmotically active 
but uncharged glutamine molecule. The 
crease in intracellular glutamine required to 
produce these effects can be calculated to be 
about 33 mOsm 


of magnitude as the increase of glutamine in 


active 


in- 


L, which is of the same order 


brain slices incubated under comparable con- 
ditions." 
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Diffusion constants in the 


extracellular space of brain tissue 


Hugh McLennan, Ph.D. 


sTuDIES of the movements of ions and 
the 
organized animal tissues require a knowledge 


KINETK 
molecules across cellular boundaries of 
of the effective diffusion constants holding in 
the extracellular spaces. A direct attempt to 
measure these diffusion constants has been the 
aim of the work reported in this paper. 

Slices of the cerebral cortex of rats and/or 
of their livers were placed on small silver 
screens and incubated in appropriate saline 
media. The that the 
remained flat during the course of the experi- 


screens ensured slices 
ment, and the degree of swelling during the 
weighing the 
slices before and after immersion. Radioactive 
isotopes of sodium and potassium were added 


incubation was estimated by 


to the media where the diffusion of these sub- 
stances was being followed. The rate of up- 
take of inulin and sucrose from media to which 
these substances had been added was deter- 
mined by chemical analysis of the slices after 
Full details of the 
experimental methods have been given else- 


various times of incubation. 


where.!:? 

The equation governing diffusion into a 
plane sheet is given by equation 1 (figure 1), 
where S is the concentration of tracer sub- 
stance and D the diffusion constant. Integrat- 
ing and inserting the appropriate boundary 
conditions gives equation 2 where the thick- 
ness of the sheet is given by 2b. 
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Fig. 2. Plot of observed diffusion of sucrose in brain 
slices. 


In these equations X is a factor by which 
the distance that a particle penetrating into 
the sheet has to travel is increased by the 
presence of impenetrable obstacles, that is, the 
tissue It can be shown? that for the 
presence of spherical cells, which both brain 
and liver cells have been assumed to be, 
is given by equation 3, where Ve and Vt are 
the volumes of cells and of the whole sheet, 
respectively. 


cells. 


Using these equations, the experimental 
curves obtained (as in figure 2) can be ana- 
lyzed and values for the diffusion constant D 
found. The results obtained in the present 
study are summarized in table 1, where the 
diffusion constants for various substances in 
the extracellular spaces of brain and liver are 
shown and with the values for 
It can be seen that, for sodium 
ions and for inulin and sucrose, the diffusion 
constants are of the same order of magnitude 


contrasted 
free solution. 


as those holding in free solution; however, 
that for potassium ions is much reduced in 
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Brain 


Liver 


brain. This slow extracellular 
potassium has been found also in muscle; 
however, it is not apparent in liver (table 1). 
The slow diffusion, therefore, appears to be 
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Biochim. 


Extracellular D, 
cm* /min. 


K+ 5.6 x 10-5 
j Nat 8.0 x 104 
} Sucrose 2.1 x 10-4 

Inulin 1.9 x 10+ 
{ K+ 3.7 x 10-4 
} 1x1 


diffusion of 


TABLE 1 
DIFFUSION CONSTANTS AT 20° C. 
Measured 


potassium, inulin, 2. McLennan, 


malian tissues. 


Free Solution D, 
cm? /min. 
9.9 x 10-4 
7.2 x 104 
.1 x 10+ 
x 10-4 


0 
9 x 10-4 
2 





3 
1 
9 
7.2 x 104 


a property of excitable tissues, and further to 
be specific for potassium. It seems possible 
that what is happening here is an adsorption 
of the substance onto the surfaces of the cells, 


The diffusion of potassium, sodium, 
sucrose and inulin in the extracellular spaces of mam- 
Biochim. et Biophys. Acta 24:1, 1957 
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Mitochondria in brain as the 





sites 


of its metabolic activity 


H. G. du Buy, Ph.D. 


PRESENT KNOWLEDGE concerning mitochondria 
suggests that a better understanding of the 
functioning of the brain, and of the effects of 
pathogenic and chemical agents on it, can be 
obtained by studying its mitochondrial’ frac- 
tion. A comparison of staining and destaining 
phenomena with Janus green B of mitochon- 
dria in living cells and of centrifugally frac- 
tionated mitochondria! indicates that brain 
mitochondria withstand isolation procedures 
better than mitochondria from other sources, 
such as liver. Thus, data obtained with isolat- 
ed brain mitochondria are considered to apply 
more nearly to mitochondria of intact cells 
than those obtained with isolated mitochon- 
dria from other organs. 

Isolated brain mitochondria have been shown 
to carry a number of functional enzyme sys- 
tems and enzyme complexes. Typical reac- 
tions essential in protein metabolism, car- 
tried out by brain mitochondria, are: oxida- 
tion of glutamate and inorganic phosphate 
uptake with glutamate as substrate,2 and the 
ability to split the peptide bond of glycylgly- 
cine. An example of fatty acid metabolism 
is the oxidation of §-hydroxybutyrate. An ex- 
ample of ribotide metabolism is the oxidation 
of uridylic acid. Brain mitochondria in addi- 
tion carry the following carbohydrate utiliz- 
ing enzyme systems: glycogen, glucose, fruc- 
tose, mannose, fructose-1-P (Hers) and the 
hexose monophosphate shunt systems.* The 
mitochondria also carry the Krebs enzyme 
cycle* and the aerobic oxidase system (cyto- 
chrome system, dopa-oxidation over this sys- 
tem). Because they carry the Krebs enzyme 
cycle and terminal oxidases, the mitochondria 
use oxygen, as well as accumulated lactic acid, 
when carbohydrates are glycolysed. Brain su- 
pernatants, by contrast, glycolyse as do the 
mitochondria, but have no functional oxidase 
system. Hence, they do not metabolize car- 
bohydrates beyond lactic acid, and they gly- 


colyse independently of the presence of oxy- 
gen. 

The extent to which incomplete enzyme se- 
quences occur in supernatants has been stud- 
ied by substituting hydrogen-transferring dyes 
for the oxidases. Thus, Janus green B (10-*M) 
was used to substitute for the cytochrome sys- 
tem, and 5-methyl-5-phenazinium methylsul- 
fate (2 x 10-3M)®* was used to substitute for 
the flavo-protein and the cytochrome system. 
This work, summarized in table 1, shows that 
brain supernatants have fewer complete en- 
zyme complexes than liver supernatants. In 
contrast, brain mitochondria have been shown? 
to carry more complete multienzyme systems 
than liver mitochondria. In conjunction with 
data on staining and chemical composition, 
results constitute further evidence for the 
relative stability of brain mitochondria during 
isolation, and support the view, expressed pre- 
viously,* that “all enzyme systems necessary 
for maintenance of the cell can be expected 
to be on all mitochondria.” 

In regard to this view, the data of table 2 
are of interest. They show that when the ratio 
2 of brain mitochondria is compared 
respiration 
with that of slices and the other subcellular 
fractions, only the mitochondria showed a re- 
sidual lactic acid level low enough to approach 
the value for normal tissue. Adding super- 
natant back to mitochondria, high ratios, sim- 
ilar to those obtained with slices and ho- 
mogenates, are obtained. Such “glycolytic ex- 
cess” is considered typical for cancerous tis- 
sues. However, such high ratios might well 
be an expression of the degree to which the 
glycolytic system is removed from the mito- 
chondria by tissue damage (medium used, 
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TABLE 1 
FUNCTIONAL LINKAGE OF SOME ENZYME COMPONENTS IN MOUSE SUPERNATANT FRACTIONS® 








LIVER 
1. Aconitase 
2. Isocitric dehydrogenase— } pon } —flavin 


Fumarase 


Malic dehydrogenase—DPN—flavin 


we oo 


. Oxalacetic decarboxylase 

6. Lactic dehydrogenase—DPN—flavin 

7. 3-PG dehvdrogenase—DPN 

Glycolytic enzyme system from aldolase to 
lactic dehydrogenase—DPN 


*Abbreviations as follows: DPN 
phoglyceraldehyce. 

slicing, homogenization) .*-° Similarly, increase 
of lactic acid formation following virus infec- 
of found.7 It 


seems that a high ratio 


tion tissue culture has been 


cn oe might well 
respiration . 
be indicative of the degree to which the gly- 
colytic system becomes soluble under adverse 
conditions, rather than being indicative only 
of a cancerous state. 

Further, the effect of 2, 4-dinitrophenol 
(DNP) on lactic acid accumulation and oxy- 
gen uptake by mitochondria with glucose or 
fructose diphosphate (FDP) as substrate is 
of interest (table 3). (Oxidative phosphory- 
lation by brain mitochondria with Krebs cycle 
substrates has been reported before.)? With 
ADP, ATP, or both, no clear effect of 10-5 M 
DNP on oxygen uptake was found, but lac- 
tate accumulation decreased in the presence 
of glucose and DNP, when compared with 
the control, whereas lactate accumulation in- 
creased with FDP and DNP. Apparently, 
DNP, an “uncoupler” of oxidative phospho- 


BRAIN 





DPN 
TPN 


Isocitric dehydrogenase— 
Fumarase 

Malic dehydrogenase—DPN—— —— 
Oxalacetic decarboxylase 

Lactic dehydrogenase—DPN———— 

3-PG dehydrogenase—DPN 

Glycolytic enzyme system from hexokinase 
to lactic dehydrogenase—DPN 








diphosphopyridine nucleotide; TPN = triphosphopyridine nucleotide; 3-PG = 3-phos- 


rylation, affects glycolysis only when the gly- 
colytic enzymes are closely associated with 
the mitochondria, again an indication of inte- 
gration of glycolysis and respiration in mito- 
Under similar conditions, DNP had 
no effect on lactate accumulation by brain 
supernatants. Malonate (0.04 M) inhibited 
oxygen uptake as well as lactate accumula- 
tion by brain mitochondria with either glu- 
cose or FDP as substrate, either in the pres- 
ence or absence of DNP. It did not clearly 
affect lactate formation by brain supernatant 
under similar conditions. 

Brain mitochondria are not unique in their 
use of glucose, although liver, spleen, and kid- 
ney were found inactive. The tissues listed in 
table 4 also glucolyse, although at lower rates 
than brain. 

Other properties of brain mitochondria, as 
their self-perpetuating nature and mutability, 
can only be inferred by homologizing animal 
and plant mitochondria.’.* The evidence for 
the function of brain mitochondria as centers 


chondria. 


TABLE 2 
USE OF GLUCOSE BY SLICES AND FRACTIONS OF MOUSE BRAIN 























GLUCOSE : 


air air 





Preparation® sr A Q O., (N) A Q lactate (N) 
uw moles u moles 
SLICES (50 mg. fresh wt./vessel ) 0.61 0.9 as 
HOMOGENATE (20% by volume ) 1.52 1.6 17.4 
MITOCHONDRIA (not washed ) 0.90 74 9.6 
SUPERNATANT (not cleared ) 0.54 0.9 22.0 
MITOCHONDRIA + SUPERNATANT 1.37 2.8 16.7 





*Conditions: 
tration of fractions: 


Glucose 20 4 moles/vessel other contents as in * 


Temp. 38° C. Center well contained KOH. Concen- 


20% in terms of an assumed 100% concentration of each fraction in undiluted homogenate. 
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TABLE 3 
EFFECT OF DNP ON THE USE OF GLUCOSE OR FDP BY BRAIN MITOCHONDRIA®* 
t GLUCOSE FDP 
A air A air air AT air 
AQo (N) 2 \Q lactate A Po (N) AQ lactate ( N) 
a - ms a “ ok. uw moles 
ADP — 6.5 11.7 7.1 6.0 
DNP (10-5 M) 6.7 4.9 6.5 8.9 
DNP (10-6 M) 6.8 10.6 7.3 6.7 
ATP — 5.5 9.7 7.6 5.0 
DNP (10-5 M) 5.7 7.0 6.2 9.0 
DNP (10-6 M) 6.5 10.8 6.8 7.0 
ADP + ATP — 6.7 11.6 72 4.7 
DNP (10-5 M) 7.8 5.3 6.2 8.3 
DNP (10-6 M) 6.5 11.9 6.9 7.5 


*Abbreviations as follows: DNP = 2,4-dinitrophenol; ADP 
FDP = fructose diphosphate. 


Per vessel either 8 , moles ADP or ATP, or 4 , moles of each. 


= ade *nosine 


TABLE 4 
USE OF GLUCOSE BY WASHED MITOCHONDRIA AND CLEARED SUPERNATANTS FROM VARIOUS TISSUES 








diphosphate; ATP = adenosine triphosphate; 


Conditions as in table 2. 


¢ LU COSE 
A Aa air (N) A oY air (N) 





mg. N per lactate 

PREP. AR: ATION FRACTION® ESSEL m bs uw moles 
BRAIN wM 0.60 4.7 3.5 
S. 0.09 0.2 22.8 
S91 MELANOMA wM 0.42 3.5 1.6 
S. 0.87 —0.1 29.4 
TESTIS wM 0.57 1.6 0.3 
So 0.57 0.3 1.9 
K. CARCINOMA wM 0.51 0.8 0.9 
Ss 1.02 0.1 19.6 
HEPATOMA wM 0.45 0.5 0.4 
Se 0.75 0.3 35.2 

°wM = washed ‘mitochondria; S,= supernatant cleared by ‘recentrifugation. Conditions as io table 2. 7 oar 


of metabolic activity enumerated above, to- 
gether with functions ascribed to them on the 
basis of homology with other mitochondria, im- 
plicate brain mitochondria as the organelles 
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The adenosine polyphosphates, 


creatine phosphate and ascorbic 


acid content of rat brain 


S. Lin, Ph.D., H. P. Cohen, Ph.D. and 
M. M. Cohen, M.D., Ph.D. 


EARLY INVESTIGATIONS have indicated that 
changes in formation or utilization of cerebral 
high energy phosphates follow in vitro and 
in vivo administration of barbiturates and cer- 
tain other anesthetic agents.!-* Creatine phos- 
phate and adenosine triphosphate have been 
reported to be elevated in pentobarbital anes- 
thesia in a variety of experimental animals. 
Conversely, ether anesthesia was unaccompa- 
nied by any such alterations. 

Careful examination of the literatufe ‘ re- 
veals that these findings generally cannot.be 
validated by statistical analysis. In addition, 
chemical studies were carried out through 
barium and calcium fractionation technics 
which are tedious and often unreliable. 

Since cerebral energy-rich phosphates are 
concerned with energy necessary to maintain 
nerve impulses, structural integrity, and other 
cellular metabolic processes, a_ statistically 
valid report of alterations in these compounds 
in states of depression or excitation. still ap- 
pears necessary. The present investigation 
was undertaken to establish valid levels of 
creatine phosphate and the adenosine poly- 
phosphates in the normal and anesthetized 
animal. This was carried out satisfactorily by 
means of ion exchange chromatography, com- 
bined with spectrophotometric analysis. Ascor- 
bic acid was also determined, since we had 
previously found this compound to have some 
active role in cerebral phosphorylative proc- 
esses.® 


METHODS AND RESULTS 


In the initial series of experiments mature 
rats’ were sacrificed by dropping them ‘into 
liquid air. The brain was powdered and 
dropped into 5 per cent cold perchloric acid. 
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After brief thawing to 0° C., homogenization, 
and centrifugation, the perchloric acid extract 
was passed through Dowex-50 ion exchange 
resin, holding back creatine and allowing crea- 
tine phosphate and the adenine polyphosphates 
to pass through. Creatine and creatine phos- 
phate were then determined by the method of 
Ennor and Rosenberg.® The adenosine poly- 
phosphates were separated by use of Dowex-1 
column and measured in the Beckman DU 
spectrophotometer at 257 millimicrons, accord- 
ing to the method of Siekevitz and Potter.!° 
Ascorbic acid was determined by the dinitro- 
phenylhydrazine method of Roe.!! The results 
of eight experiments are summarized in table 
1. The values for creatine phosphate and 
adenosine triphosphate were markedly lower 
than those previously reported in the literature. 
In addition, anesthesia with ether or pento- 
barbital produced no significant changes in 
these compounds. 

Despite the reproducibility of these results, 
failure to obtain high values of creatine phos- 
phate and adenosine triphosphate led to a re- 
vision of technic. In the -subsequent experi- 
ments, weanling rats were sacrificed in the 
same manner; however, after the frozen brain 
was powdered, it was immediately homoge- 
nized with cold perchloric acid without thaw- 
ing and continued as described above. Table 2 
demonstrates the alteration under these cir- 
cumstances. The creatine phosphate and aden- 
osine triphosphate levels were approximately 
three times those observed previously. Pento- 
barbital anesthesia produced a. significant rise 
in creatine phosphate, - unaccompanied - by 
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TABLE 1 
LEVELS OF SOME CONSTITUENTS OF RAT BRAIN FROZEN IN SITU, IN MICROMOLES PER GRAM FRESH 
BRAIN (MEAN = S.E.). BRAIN THAWED IN ICE-COLD 5% PERCHLORIC ACID BEFORE EXTRACTION. 
RATS WEIGHED 165 TO 230-GM. 








Constituent Control 

Ascorbic acid 2.66 + .08 
Creatine phosphate 1.10 + .20 
Creatine 10.8 + .27 
AMP® .63 + .10 
ADP 1.36 + .04 
ATP .79 + .12 





Anesthetized 

Ether Nembutal 
2.55 + .09 2.60 + .09 
1.09 + .15 1.03 + .16 
10.7° + .18 10.6 + .12 
1 + .08 A8 + .08 
1.37 + .06 1,37 + .06 
.79 + .10 89 + .12 








*Due to poor recovery of AMP from brain extracts going through Dowex 50 column, these values are known to bé low. 


changes in adenosine triphosphate, adenosine 
diphosphate, or adenosine monophosphate. 
DISCUSSION 

Two variations existed between the sets of 
experiments reported. These were in age of the 
animal selected and in method of extraction 
in perchloric acid. Some of our more recent 
experiments not reported here indicate that 
age and size of the animal are not involved. 
Work of other investigators also indicated that 
brain size alone is of no great significance. 
Therefore, it appears that the differences ob- 
served resulted from changes in the extraction 
technic. Sufficient break-down of creatine 
phosphate and adenosine triphosphate fol- 
lowed thawing of the brain to result in arti- 
ficially low values as well as in failure to 
demonstrate changes in narcosis. However, 
powdering rat brain in the frozen state allowed 


determination of the higher values and demon- 
stration of creatine phosphate elevation in 
barbituratized animals. No significant changes 
were found in ascorbic acid levels, although 
some investigators reported significant increase 
in the total body ascorbic acid synthesis in 
pentobarbital anesthesia.1* Serdyuk!* reported 
increased levels of ascorbic acid in the cerebral 
hemispheres during excitation and decreased 
levels during narcosis. 


CONCLUSION 


The in vivo levels of adenosine polyphos- 
phates, creatine phosphate, creatine, and ascor- 
bic acid in rat brain have been established by 
an easily reproducible technic and clear-cut 
separation of the compounds were obtained. 
A significant increase in cerebral creatine phos- 
phate levels followed pentobarbital anesthesia, 
without changes in adenosine triphosphate. 


TABLE 2 
LEVELS OF SOME CONSTITUENTS OF RAT BRAIN FROZEN IN SITU, IN MICROMOLES PER GRAM FRESH 


BRAIN (MEAN = S.E.). BRAIN CRUSHED IN COLD. RATS WEIGHED 40 TO 115 GM. 


Anesthetized 











Constituent Control Ether Nembutal 
Ascorbic acid 2.45 + .12 2.49 + .15 2.50 + .12 
Creatine phosphate . 3.21 + .05 2.74 + 51 4.01 + .14° 
Creatine 7.88 + .21 7.94 + 45 721 += 22 
Total creatine 10.99 + .21 10.69 + .13 11.21 + .27 
AMP 46 + .06 42+ .06 40 + .03 
ADP .99 + .09 .96 + .08 92 + .07 
ATP 2.58 + .07 2.62 + .07 2.84 + .11 
Total nucleotides 4.06 + .14 4.05 + .11 4.20 + .15 





"Difference from control significant at P= .O1 level. 
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Some aspects of oxidative 


metabolism of elucose in brain 


suspensions 


Malcolm Gordon, Ph.D., Philip Hawley, M.S. and 


M. K. Gaitonde, Ph.D. 


PRELIMINARY STUDIES of the interrelations be- 
tween carbohydrate and amino acid metab- 
olism in brain have confirmed and extended 
previous observations reporting the presence 
of oxidative metabolism of glucose by brain 
The 
brain and liver were incubated in a saline me- 


suspensions. tissue preparations from 
dium, either with glucose-6-phosphate or ri- 
bose-5-phosphate. It was found that 90 min- 
utes after incubation a considerable amount of 
the disappearing substrate could be accounted 
for by the appearance of a pentulose and a 
heptulose. The phosphate esters of these two 
carbohydrates were isolated from the incuba- 
tion mixture, as described by Horecker, Smyr- 
niotis, and Klenow.! The elution of the phos- 
phate from the Dowex I column indicated the 
presence of ribulose-5-phosphate in the incu- 
bation mixture. The heptulose was identified 
as sedoheptulose phosphate, using the specific 
orcinol test described by Dische.* 

The optimum absorption peak was between 
X 605-610, which agrees with the one given 
by an authentic sample of sedoheptulosan 
monohydrate (kindly supplied by Dr. B. L. 
Horecker and Dr. N. K. Richtmeyer). The 
final confirmation of the formation of sedo- 
heptulose phosphate from glucose or ribose 
phosphate was obtained on paper chromato- 
grams developed in 80 per cent phenol, ace- 
tone-water (10:3), at acetic acid-butanol- 
water (1:4:5). For this purpose the reaction 
mixture after 90 minutes incubation was de- 
phosphorylated at pH 5.0 with potato phos- 
phatase, prepared according to an unpublished 
method of Kornberg. The Rf values of the 
sugars in the acetic acid-butanol-water system 
were as follows: 





Authentic Incubation Mixture 


Sample Brain Liver 
Glucose 0.21 0.21 0.20 
Sedoheptulose 0.26 0.26 0.25 
Ribose 0.33 0.33 0.32 


The sugars were detected as white spots 
against blue background on paper chromato- 
grams after a spray with 0.1 per cent periodic 
acid, followed by the benzidine reagent. The 
control system, which contained MgCl, and 
cysteine, gave a rapid conversion of ribose-5- 
phosphate into sedoheptulose phosphate. The 
addition of various co-factors, such as adeno- 
sine triphosphate (ATP), thiamine pyrophos- 
phate (TPP), and triphosphopyridine nucleo- 
tide (TPN), showed no considerable effect on 
the formation of sedoheptulose. The experi- 
ments also suggested that the transketolase sys- 
tem of the tissue preparations, which is re- 
sponsible for the conversion of the pentose into 
the heptose, was not, to any appreciable ex- 
tent, dependent on the exogenous supply of 
thiamine pyrophosphate. In a typical experi- 
ment, 200 »M of ribose-5-phosphate were in- 
cubated with brain and liver homogenate in 
a control glycylglycine buffer medium (pH 
7.5) fortified with ATP, TPN, and TPP. At 
the end of 90 minutes the incubation mixture 
contained 14.5 »M of sedoheptulose per mg. 
nitrogen of brain homogenate, and 12.8 »M 
of sedoheptulose per mg. nitrogen of liver ho- 
mogenate. 

The demonstration of the conversion of glu- 
cose or ribose into a heptulose has added in- 
terest to the metabolic studies of this com- 
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pound and of shikimic acid. The possible re- 
lationships of 2-keto-3-deoxy-7-phospho-D-glu- 
coheptonic acid* to 5-dehydroshikimic acid and 
of shikimic acid to the biosynthesis of pheny]l- 
alanine, tryptophan and p-aminobenzoic acid* 
have prompted us to undertake preliminary in- 
vestigation on shikimic acid as well. It was 
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Biosynthesis of the aromatic amino 


found that TPN-dependent oxidation of glu- 
cose by brain homogenate was considerably 
reduced (86 per cent) in the presence of 
shikimic acid, but not in the presence of quinic 
acid. Further studies are in progress to eval- 
uate the significance of this observation in the 
biosynthesis of amino acids in the brain. 
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Metabolic studies of 


gamma-aminobutyric acid 


Eugene Roberts, Ph.D. and Claude F. Baxter, Ph.D. 


Since the first report of the unique presence 
of large quantities of y-aminobutyric acid 
(GABA) in mouse brain,’ a considerable body 
of biochemical and physiologic data has indi- 
cated that this substance may play an impor- 
tant role in cerebral metabolism.?:;* GABA has 
been found in an easily extractable form in 
large amounts in the central nervous system 
of representative members of fish, amphibian, 
reptilian, avian, marsupial, and mammalian 
species. It was the only easily extractable nin- 
hydrin-reactive constituent found on two-di- 
mensional paper chromatograms which showed 
progressive increases at successive develop- 
mental stages in extracts of brains of chick 
embryo, mouse, salamander, and frog. In the 
mouse the period of greatest increment in fea- 
tures related to maturation of the nuclear 
masses and fiber tracts of the central nervous 
system corresponds to the attainment of the 
highest concentration of GABA and the maxi- 
mal activity of glutamic acid decarboxylase 
(GAD), the enzyme which forms GABA from 
glutamic acid. In an extensive survey of mam- 
malian tissues, GABA and GAD have been de- 
tected only in brain and spinal cord, and high- 
er levels have been found in gray matter than 
in white matter. GABA was found to be taken 
up readily by liver, kidney, and muscle in the 
mouse after parenteral administration, but sig- 
nificant increases were not noted in the con- 
tent of GABA in brain. 

The known metabolic relationships of GABA 
in brain are shown in schematic form in fig- 
ure 1. It is apparent that intimate relation- 
ships exist between cellular oxidations and 
the metabolism of GABA and glutamic. acid. 
GABA is formed in brain from glutamic acid 
by the action of GAD. GABA transaminase 
(GABA-T), an enzyme found in brain as well 
as in other tissues and in microorganisms, 
catalyzes the transamination of GABA with 
a-ketoglutarate (a KG). Since a KG, glutamic 
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butyric acid in brain. 


Known metabolic relationships of --amino- 


acid, GAD, GABA, and GABA-T are found 
in the central nervous system, there exists the 
possibility of a shunt around the a KG oxidase 
system by which a KG could be withdrawn as 
glutamic acid by the donation of the amino 
group of GABA, and the carbon chain of 
GABA could enter the tricarboxylic acid cycle 
at the succinate level. Although the enzymatic 
details are still being worked out, experiments 
in which GABA-1-C!4 was administered intra- 
peritoneally to rats or intracerebrally to mice 
or incubated with minces of mouse brain gave 
results consistent with the above formulation. 

It has been shown that GAD requires pyri- 
doxal phosphate (PP) as a coenzyme, which 
can be synthesized in brain from adenosine 
triphosphate and pyridoxal. A suitable assay 
procedure for the measurement of GABA-T 
activity has now been developed. It depends 
on the differential chelation of copper by 
small amounts of glutamic acid in the pres- 
ence of large amounts of GABA and aKG 
in alkaline solution. Data showing activation 
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TABLE 1 
STIMULATION OF GABA TRANSAMINASE OF BEEF BRAIN BY PYRIDOXAL PHOSPHATE 


Type of Preparation 


1. Aqueous extracts of brain acetone powders 
A) 1 acetone washing 
B) 2 acetone washings 
C) acetone-butanol-acetone washing 

2. Extract frozen for 48 hours 


3. Solution of dialyzed 66% (NH,).SO, precipitate 


Each tube contained 0.2 ml. of enzyme preparation; 1.0 ml. 
0.1 mil. containing 40 uM GABA; and pyridoxal phosphate, 


of the GABA-T by PP are shown in table 1. 
Work to date indicates that the apoenzyme 
of GAD has a lower degree of affinity for the 
coenzyme than that of GABA-T. 

Extensive studies by Florey* on a factor in 
beef brain which has potent physiologic activ- 
ity in a number of test systems have culmi- 
nated in the identification of this factor as 
GABA,® and considerable evidence has been 
adduced in favor of assigning to it the role 
of a transmitter substance of inhibitory neu- 
rons. Convulsive seizures are known to occur 
in experimental animals and humans suffering 
from pyridoxine deficiency. Dietary pyridoxine 
deficiency of insufficient severity to produce 
seizures in rats resulted in a marked but 
readily reversible decrease in the activity of 
GAD, the enzyme producing GABA.*:*  Kil- 
lam® has shown that convulsant hydrazides, 
compounds which react with PP, produce de- 
creases in the activity of GAD and the con- 
tent of GABA in the brains of rats, and a good 
correlation was obtained between the elec- 
trical evidence of seizure activity produced 
by these substances and the actual decrease 
in GAD activity in the affected areas in brains 
Isolated hydrazide-treated plugs 
showed seizure activity only when stimulated. 


of cats. 
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Glutamic Acid Formed 


uM/mg. Protein/Hr. Stimulation by B, 


—B. +B, Per Cent 
0.48 0.56 17 
0.52 0.68 31 
0.40 0.56 40 
0.14 0.28 100 
0.10 0.23 130 


a borate buffer, pH 8.1; 0.1 mi. containing 40 4M a KG; 
20-,, when added. All values suitably corrected for blanks, 
Seizures induced by administration of hydra- 
zides to cats have been reversed by GABA. 
The above data fit the hypothesis that seizure 
activity in pyridoxine deficiency and in hy- 
drazide poisoning results from a decreased ac- 
tivity of GAD, with a consequent decrease in 
the ability to produce GABA, a substance of 
importance in the action of inhibitory neurons 
in the central nervous system. The consequent 
failure to regulate or modify properly the ac- 
tivity of the excitatory neurons would tend to 
produce an indiscriminate spread of electrical 
impulses with resultant seizures. It appears 
possible that the GAD—GABA—GABA-T sys- 
tem might be a companion system to the 
choline acetylase—acetylcholine—cholinesterase 
system in the central nervous system (see ref- 
erence 8 for discussion of role of acetylcholine 
in seizures). The balance between these sys- 
tems, rather than the absolute amount of any 
single substance or enzymatic activity, might 
be important in the regulation of activity in 
a given region of the central nervous system. 
We may begin to analyze the action of a 
number of pharmacologically active materials 
in terms of the imbalances which would be 
created by their action on specific enzymes 
in the y-aminobutyrate and acetylcholine se- 
quences. 
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inositol 


Studies with tritium-labeled 


Bernard W. Agranoff, M.D. and Roscoe O. Brady, M.D. 


interest to the neurochemist 
principally for two reasons: first, the presence 
in the brain of a unique inositol compound, 
diphosphoinositide,! and second, the more re- 
cent finding of Dawson? that the inositol-con- 
taining fraction of the phospholipids of many 
tissues exchanges its phosphorus with inor- 
ganic phosphate at a very high rate. Hokin® 
has shown that this exchange is stimulated by 
acetylcholine and also that free inositol ex- 
changes with phospholipid inositol in tissue 
slices. 


INosITOL is of 


Since no adequate technics for chemical de- 
termination of inositol were available, a meth- 
od was developed involving spectrophotometric 
measure of periodate consumption.* Using this 
method, it was seen that, with a single excep- 
tion, incubated guinea pig tissue slices of vari- 
ous organs released free inositol into the in- 
cubation medium and that the addition of free 
inositol prevented this release. Only in kidney 
slices was a net disappearance of inositol ob- 
served. 

Inositol labeled with tritium in the 2 posi- 
tion (inositol-2-T) was prepared by a method 
analogous to the preparation of inositol-2-D.° 
Following intraperitoneal injection of inositol- 
2-T, a rat was sacrificed and _ trichloroacetic 
acid precipitates of the organs were made 
which were then extracted with a chloroform- 
methanol mixture. This lipid extract was found 
to contain radioactivity in the following order 
of decreasing activity/gram wet weight of tis- 
sue: kidney > pancreas > heart > liver > 
spleen > lung > testis > diaphragm > 
brain. Hydrolysis of such an extract revealed 
that the radioactivity was present as inositol. 

The chloroform-methanol insoluble residue 
was also studied and a considerably different 
sequence of incorporation of inositol was not- 
ed: testis > spleen > kidney > pancreas > 


heart > diaphragm > lung > liver > brain. 
The nature of the radioactive product in the 
methanol-chloroform-insoluble residue has not 
as yet been identified. 

An anionic material which was soluble in 
trichloracetic acid also detected. The 
highest concentration was found to be in kid- 
Subsequent studies revealed that the 
clear supernatant solution from a broken-cell 
preparation of kidney was able to convert 
inositol to the anionic material. The product 
was purified by gradient elution chromatog- 
raphy from Dowex-1 formate and found to 
possess no inositol or phosphate. A positive 
carbazole test was noted, indicating that this 
material might be identical with the DL-glu- 
curonic acid recently isolated by Charalam- 
pous.® 

Tritium-labeled water (THO) production 
was studied in tissue preparations. Following 
incubation, water was recovered by distilla- 
tion and counted by liquid scintillation tech- 
nics. Brain, testis, and kidney slices produced 
THO from inositol-2-T, but in cell-free prepa- 
rations THO was recovered only from kidney. 


was 


ney. 


Incorporation of inositol into lipid was stud- 
ied in kidney preparations. It was found that 
mitochondria were capable of incorporating 
inositol into the chloroform-methanol extract 
of a trichloroacetic acid precipitate when forti- 
fied by heat-stable factors from the superna- 
tant solution. 

Recent studies reveal that the supernatant 
factors can be replaced by ATP, Mg++, a-keto- 
glutarate, and a cytidine nucleotide. 
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Studies on the biosynthesis of 


cerebroside galactose 


Hugo Moser, M.D.* and M. L. Karnovsky, Ph.D.°° 


IT IS WELL ESTABLISHED that cerebrosides are 
an integral component of myelin in mammals, 
and data on the synthesis of cerebrosides may, 
therefore, contribute to the broader problem 
of myelin deposition. The studies to be pre- 
sented are concerned particularly with cere- 
broside synthesis as a function of age. In 
addition, certain will be 
sented on the metabolic origin of cerebroside 


observations pre- 
galactose carbon from glucose carbon. In the 
process of making these observations, it was 
also possible to obtain data on the incorpora- 
tion of glucose carbon into several brain lipid 
fractions. 

Folch and his associates! have published de- 
tailed data on the composition of the brain in 
relation to maturation in Swiss Albino mice. 
It was decided to use mice of a similar strain 
in all our experiments, and hence the rate of 
lipid synthesis, as measured by the incorpora- 
tion of radioactive glucose carbon, could be 
compared with the known changes in concen- 
tration of these lipid components during mat- 
uration. 

Glucose-C!4, either uniformly labeled or 
labeled exclusively in the 6 position, was used 
as the radioactive precursor. A small meas- 
ured volume of a solution containing the ra- 
dioactive glucose in physiologic saline was in- 
jected intraperitoneally into the experimental 
animals. Each animal received 0.1 mg. of glu- 
cose per gm. of body weight. This quantity 
contained about 0.2 microcurie of C14. After 
a suitable time interval the animals were killed 
by decapitation. The brain was removed rap- 
idly and homogenized immediately with 20 
volumes of 2:1 chloroform-methanol (v/v) .? 
The filtered extract was washed once with 
water and four times with calcium chloride- 
containing “theoretical upper phase,” as de- 
scribed by Folch. A flow sheet of our frac- 
tionation procedure is shown in figure 1. The 
methanol-water upper phases obtained were 
taken to dryness by vacuum distillation, dia- 





lyzed for five days against water, and the con- 
tents of the dialysis bag were lyophilized. The 
specific activity of the strandin thus obtained 
was then measured. 

The lipids in the chloroform phase were sub- 
jected to acid hydrolysis, using Svennerholm’s 
method.* The material was then filtered; hex- 
ose analysis by Svennerholm’s orcinol method* 
was carried out on an aliquot of the filtrate. 
A known amount of carrier galactose was then 
added, the 2,5-dichlorophenylhydrazone pre- 
pared, and its specific activity measured. 

The acid insoluble residue remaining on the 
filter following hydrolysis was dissolved in 
chloroform-methanol and again purified using 
Folch’s method,* the aqueous phase being dis- 
carded. The chloroform phase was taken to 
dryness, dissolved in ether, and partitioned 
between ethyl ether and 0.5 N sodium hy- 
droxide. From the ether phase, cholesterol 
was precipitated as its digitonide and counted. 
The aqueous phase was acidified, and the 
fatty acids were extracted with ether and 
counted. 

In order to select the most favorable time 
interval between injection and sacrifice, radio- 
glucose was administered to 22 day old mice, 
and the animals were killed one-half to seven 
hours after injection. The specific activity of 
the brain total lipids was determined at each 
time interval, while the cerebroside galactose 
specific activity was measured on pooled sam- 
ples representing one-half and one hour, two 
and three hours, and four and seven hours 
after injection of the isotope. It was noted 
that the peak specific activity for total lipid 
was reached in two hours, while the specific 
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Inject Animal 


Decapitate, 


Homogenize, 


remove brain 


extract and wash 


lipides according to Folch 


ie e 


Chloroform Phase 


Hydrolyze with acid, filter 


: Filtrate 
Add carrier galactose. 


Form 2,5 dichlorophenylhydrazone 


Count Upper Phase 


(discard) 


Aqueous - methanolic Phase 
Dialyze, Lyophilize 


“Strandin” 


Residue 


Partition between Folch's 


upper and lower phases 


Lower Phase 


Partition between 


Et20 and Nad 
Aqueous Phase Ether Phase 
Fatty Acids Cholesterol 
digitonides 


Fic. 1. Flow sheet of fractionation procedure. 


activity of cerebroside galactose appeared rel- 
atively constant. For reasons which are un- 
known at present, the time curve presented 
here shows a considerably earlier peak than 
that obtained in rats by Radin and collab- 
orators’ and by Burton and collaborators.® 

In measuring the effect of age on brain 
lipid synthesis, glucose-U-C!4 was used as the 
radioactive precursor and the time between 
injection and sacrifice was one hour. The spe- 
cific activities of brain total lipid and fatty 
acid in mice from three days to 180 days old 
were compared. It was found that the shape 
of the two curves was similar, and that there 
appeared to be a peak in specific activity in 
animals eight days old. The activity dimin- 
ished thereafter. It was noted that between 
eight days and 22 days the curves were some- 
what irregular. It is believed that this is due 
at least in part to difficulty in estimating dos- 
age of radioglucose with any precision. The 
dose had been selected on the basis of a con- 


stant amount of glucose per gram of body 
weight for all age groups. However, during 
the period under study, body weight and 
composition are undergoing marked changes. 
Thus, in our mice, body weight more than 
doubled between 16 and 22 days of age. It 
would be ideal to select dosage conditions in 
such a way that one would achieve the same 
blood glucose specific activity in each animal, 
and it is quite possible that the method em- 
ployed here did not achieve this. In order 
to plot total lipid, cerebroside galactose, and 
cholesterol specific activities on the same 
graph, a semilog scale had to be employed. 
It was noted that cerebroside galactose spe- 
cific activity was higher than that of any other 
fraction studied and reached a peak at eight 
days. It then fell precipitously to much lower 
levels. While the specific activity of total lipid 
at eight days was about six times higher than 
at 180 days, the corresponding drop for cho- 
lesterol was 19-fold and for cerebroside galac- 
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tose it was 160-fold. The total strandin specific 
activity was determined. It was of the same 
order of magnitude as that of total lipids, and 
it continued to maintain a significant level 
even in the 180 day old animals. The ratio 
between the eight day and 180 day specific 
activity was 5.4. The results presented so far 
represent specific activity data. In order to 
reach conclusions as to the rate of synthesis 
of various components, the concentration of 
these lipids has to be taken into consideration. 
During the age period covered by our experi- 
ments, the brain cerebroside galactose concen- 
tration on a wet weight basis increased 100- 
fold. By 
specific activity by its concentration, an index 
of the rate of synthesis can be obtained, and 
this calculation reveals that animals 16 days 
old exhibit a sharp maximum ability to in- 
corporate glucose carbon into galactose. Folch 
has found, from the change in concentration 


multiplying cerebroside galactose 


of cerebroside galactose, that maximum syn- 
thesis occurs between 19 and 22 days.! The 
isotope methods discussed here will be extend- 
ed to groups of animals between 16 and 22 
days in order to focus more precisely on the 
age at which cerebroside synthesis is maximal. 
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Finally, an experiment was performed in 
which it was possible to obtain sufficient in- 
corporation of glucose into cerebroside galac- 
tose to make degradation of the galactose pos- 
sible. In this experiment, glucose-6-C!4 was 
used as the radioactive precursor. Following 
hydrolysis of the cerebrosides, an amount of 
nonradioactive glucose was added equal to the 
total hexose content of the hydrolysate. Glu- 
cose and galactose were then separated by 
paper chromatography, using water-pyridine- 
n-butanol (3:4:6) as the solvent. The glucose 
isolated contained, at most, 17 per cent of the 
radioactivity recovered; the galactose portion 
contained the remaining 83 per cent. 

Both an aliquot of cerebroside hexose prior 
to chromatography and the purified galactose 
were degraded. It was noted that there was 
little, if any, randomization of the label, that 
is, the cerebroside galactose contained almost 
all (95 per cent) of the activity in carbon 6. 
This finding suggests that glucose enters cere- 
broside galactose as a unit, and is consistent 
with the mechanism for interconversion of glu- 
cose and galactose proposed by Leloir? and 
Anderson® and with the results of Burton and 
associates.® 


5. Rapin, N. S., Martin, F. S., and Brown, J. R.: 
Galactolipide metabolism. J. Biol. Chem. 224:499, 
1957. 


6. Burton, R. M., Sopp, M. A., and Brapy, R. O.: In- 
corporation of galactose into galactolipids by brain 
tissue. Federation Proc. 16:161, 1957. 

7. Anperson, E. P., IsseELBacHER, K. J., and KaLcKarR, 
H. M.: An enzymatic defect in a congenital human 
disease: galactosemia. Federation Proc. 15:211, 1956. 

8. Letom, L. F.: The metabolism of hexosephosphates. 
In: McElroy, W. D., and Glass, B., Eds., Phosphorus 
Metabolism. Baltimore, Johns Hopkins Press, 1951, 
Vol. I, p. 67. 


Studies on the biosynthesis of 


valactolipids 


Robert Main Burton, 


Ph.D., Mary Ann Sodd, M.S. and 


Roscoe O. Brady, M.D. 


MELTzER! and Weiss? have observed that the 
perfusion of brain with acetate-1-C!4 or oc- 
tanoate-1-C1l4 results in the incorporation of 
C14 into cerebral lipids. Radin and co-work- 
ers* and Moser and Karnovsky* have found 
that the parenteral administration of C!4- 
labeled hexoses to the rat or mouse results in 
labeling of the glucolipids of brain. Studies 
in our laboratory have shown that both D-glu- 
cose-U-C14 and D-galactose-1-C14 can be read- 
ily incorporated into the neutral galactolipid 
fraction of rat brain tissue, in vivo.5 The neu- 
tral galactolipid fraction was isolated by a 
modification of the procedure developed by 
Radin and co-workers. This lipid fraction 
probably consists of cerebrosides, but absolute 
identification has not been made as yet. The 
rate of incorporation of the hexoses was cor- 
related with the age of the animal, and maxi- 
mum specific activity of the galactolipid frac- 
tion was found in rats which were from 10 
to 20 days old. Following a single injection 
of the C!4-carbohydrate, the specific activity 
of the cerebroside fraction increased until a 
maximum was reached in about eight hours. 
Thereafter, the radioactivity of the neutral 
galactolipids decreased during a 24-hour pe- 
riod to approximately 30 per cent of the maxi- 
mum specific activity observed. 

Preparations of rat brain tissue have been 
shown to contain enzymes which are capable 
of catalyzing the in vitro incorporation of the 
sugar moiety into the neutral galactolipid frac- 
tion. These enzymes appear to be most active 
in young rats about two weeks of age. It has 
been found that, upon fractionation of the cell- 
free preparations of brain tissue according to 
the procedure of Brody and Bain,’ the micro- 
somal fraction (R,) contains most of the en- 
zymatic activity necessary for incorporating 
galactose or glucose into the galactolipid frac- 
tion. The incorporation of the free hexose was 
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observed to be dependent upon the addition 
of adenosine triphosphate (ATP). However, 
in the absence of ATP, both 1-C!4-D-galac- 
tose-1-phosphate (galactose-1-PO,=) and uri- 
dine diphospho-D-galactose-1-C14 (UDPgalac- 
tose) could be incorporated into the galacto- 
lipid fraction. Recent experiments suggested 
that the incorporation of galactose plus ATP 
and of galactose-l-phosphate required the 
presence of uridine diphosphoglucose (UDP- 
glucose). These various observations are con- 
sistent with the sequences of events illustrated 
by equations 1 through 7. 

Studies demonstrating the presence in brain 
tissue of the various enzymes associated with 
the activation of glucose and galactose (equa- 
tions 1, 2, and 6) have recently been re- 
viewed by a number of authors, such as Me- 
Ilwain* and Racker.® The presence of UDP- 
glucose pyrophosphorylase activity (equation 
3) and UDPgalactose-4-epimerase activity 
(equation 4) in preparations of brain tissue 
has been shown.!® Kurahashi!! has demon- 
strated galactose-l-phosphate uridyl transfer- 
ase activity in brain preparations (equation 7). 

Degradation of the neutral galactolipids ob- 
tained from these experiments has revealed 
that the incorporated radioactivity resides in 
the sugar moiety. The identity of the lipid 
acceptor is not yet known but is under study. 

Preliminary examinations of the sugar ob- 
tained from the radioactive glycolipid indi- 
cate that it is mainly galactose. It is of con- 
siderable interest to establish the identity of 
the sugar moiety, since a preponderance of 
glucocerebroside rather than galacto-cerebro- 
side is found in conditions such as Gaucher's 
disease. 
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SECTION ON NEUROCHEMISTRY 


I. The incorporation of glucose: 


A. Glucose is activated by ATP in the presences of hexokinase and phosphoglucomutase 
(equations | and 2) 


Glucose + ATP—> glucose-6-PO.= + ADP (1) 
hexokinase 
Glucose-6-PO,= pa am glucose-1-PO.= (2) 


phosphoglucomutase 


B. The glucose-1-phosphate is incorporated into a uridylic nucleotide and converted to 
UDPgalactose (equations 3 and 4). 


Glucose-1-PO.= + UTP =—— UDPglucose + pyrophosphate (3) 
UDPglucose pyrophosphorylase 
UDPglucose Fs UDPgalactose (4) 


UDPgalactose 4-epimerase 


C. The UDPgalactose may donate the galactose moiety to a lipid acceptor to form the 
neutral galactolipid (equation 5). 


UDPgalactose + lipid acceptor—> galactolipid + UDP (5) 
II. The incorporation of galactose: 


A. Galactose is activated by ATP and incorporated into the uridylic nucleotide (equa- 
tions 6 and 7). 


Galactose + ATP ——> galactose-1-PO.= + ADP (6) 
galactokinase 
Galactose-1-PO.= + UDPglucose —— UDPgalactose + glucose-1-PO.= (7) 


galactose-1-phosphate uridyl transferase 


B. The UDPgalactose formed can then donate the galactose moiety to form the galac- 
tolipid (equation 5). 
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Biochemical comparison of Wallerian 


degeneration in the central 


peripheral nervous systems 


Richard E. McCaman, M.D. and Eli Robins, M.D. 


WALLERIAN DEGENERATION in the distal seg- 
ment of cut peripheral nerves has long been 
a subject of great interest to histologists. In 
more recent years this degenerative process 
has been studied using chemical methods. The 
biochemical characterization of this process, 
culminating in the comprehensive quantitative 
studies of Rossiter and his co-workers,!:? has 
greatly increased our knowledge of the proc- 
ess of demyelination in the peripheral nervous 
system. Because of the known differences in 
degeneration and regeneration of the periph- 
eral and central nervous systems, it seemed 
of importance to investigate the biochemical 
nature of this process in the central nervous 
system and to compare it with that in the 
peripheral nervous system. 

In this study the optic and tibial nerves of 
the rabbit were examined chemically after 15, 
45, 100, and 200 days of degeneration. Cor- 
related electron microscopy, histology, and en- 
zymatic studies were also carried out on the 
same nerves and will be reported later. 

The methods of preparing and analyzing 
the tissue are those of Lowry and co-work- 
ers*:4 and of Robins and co-workers.5 These 
micromethods allow the quantitative estima- 
tion of various phosphorus fractions, lipid com- 
ponents, and desoxyribonucleic acid on a sin- 
gle sample of nerve weighing 10 to 40 micro- 
grams dry weight. 

In recording results the values are based 
on fat-free dry weight so that the decreasing 
amount of lipid, which composes some 50 per 
cent of dry weight in the normal nerves, will 
not distort the true picture of the degenera- 
tive process. The results so obtained on the 
degenerating nerves are presented in table 1. 
The various lipid components of the optic and 
tibial nerves are qualitatively and quantita- 
tively similar, except for the lower value for 
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sphingomyelin in the optic nerve. In the tibial 
nerve all of the lipids, with the exception of 
total cholesterol, have dropped to 50 per cent 
or less of their normal value by 15 days, and 
by 100 days only about 10 per cent of the 
lipid still remains. The quantitative and tem- 
poral nature of these results are in essential 
agreement with those reported by Johnson 
and co-workers! in the sciatic nerve of the 
cat. The changes in total acid soluble phos- 
phorus and the desoxyribonucleic acid are 
similar to previously reported findings.” The 
temporal changes in the lipids of the degen- 
erating optic nerve present a striking contrast 
to those of tibial nerve. The lipids of the 
degenerating optic nerve show no significant 
decrease at 15 days and even at 100 days have 
only decreased to 50 per cent of their initial 
value. At 200 days 30 per cent of the initial 
amount of lipid still remains; this corresponds 
to the stage found in the tibial nerve between 
14 and 45 days. Thus it appears that the de- 
pletion of lipids in the optic nerve is about 
five times slower than that of the tibial nerve. 

The slow steady increase in the desoxyribo- 
nucleic acid of the optic nerve presents quite a 
different picture from that found in the tibial 
nerve. These differences in the changes in 
desoxyribonucleic acid of the two nerves are 
to be expected from the differences in the 
cellular changes observed in histologic studies. 

In conclusion, Wallerian degeneration in the 
central nervous system is remarkably different 
from degeneration in the peripheral nervous 
system. The biochemical and histologic basis 
for these differences will be the subject of 
further study. 
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SECTION ON NEUROCHEMISTRY 


TABLE 1 
CHANGES IN CHEMICAL CONSTITUENTS DURING DEGENERATION 

















Control -————— Days of Degeneration . 
Nerve Constituent Value 14 45 100 200 
— a (mM./kg. of fat- (Per Cent of Control) _ 
free dry weight) 
Tibial Cephalins 768 37 13 5 
Lecithins 200 47 39 17 
Sphingomyelin 458 41 20 5 
NPSL* 361 50 25 3 
Total cholesterol 1190 72 36 10 
Acid soluble P 132 139 114 101 
DNA 5+ 380 233 207 
Optic Cephalins 550 89 81 44 33 
Lecithins 256 88 108 66 46 
Sphingomyelin 177 107 113 51 36 
NPSL* 300 99 103 63 7 
Total cholesterol 985 94 122 75 32 
Acid soluble P 200 109 124 129 112 
DNA 9F 134 161 182 245 
*Nonphosphorus-containing sphingolipids, chiefly cerebrosides. 
+Gm. per kg. fat-free dry weight. 
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Studies on myelination and 


demyelination: 


Lipogenesis by nervous tissue zn vitro 


G. Majno, M.D.° and M. L. Karnovsky, Ph.D.° 


LipmD BIOSYNTHESIS by nervous tissue in vitro 
was studied by incubating samples of gray 
matter, white matter, and peripheral nerve of 
rats and hens in Warburg flasks, in Krebs- 
R'nger-phosphate medium with glucose (10 
p»M/ml.), in the presence of labeled building 
blocks of lipids (acetate-1-C14, choline-1,2-C!4, 
glycerol-1-C!4, glucose-U-C!4, and phosphate- 
p32). After incubation for four hours the tis- 
sues were homogenized in 2:1 chloroform- 
methanol, the total lipids were extracted and 
washed by the method of Folch,!:? and were 
counted in a windowless gas-flow counter. The 
preparations of peripheral nerve from the rat 
consisted of the intact sciatic and brachial 
plexus; and from the hen the sciatic deprived 
of the perineurium. White matter was prepared 
from the spinal cord, either by stripping off 
funiculi or by halving the cord and care- 
fully wiping out the gray matter. Gray mat- 
ter was shaved off the surface of rat cerebrum 
with the aid of a hand-microtome® set to cut 
at 0.22 to 0.23 mm. All preparations were 
examined histologically. 


STUDIES ON NORMAL TISSUES 


The various preparations were compared 
with respect to several constants, including 
oxygen uptake and incorporation into the lip- 
ids of the label of the different substrates. 
In gray matter and peripheral nerves, both 
respiration and lipogenesis continued at almost 
linear rates throughout the incubation period; 
white matter was not as durable a preparation. 
Mechanical trauma, delay in processing, and 
cholinesterase inhibitors added in vitro in- 
variably depressed lipogenesis from acetate to 
a greater extent than oxygen uptake. 

Changes related to age were studied in 
detail. In the peripheral nerves of newborn 
rats, oxygen uptake is almost as high as in 
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cerebral cortex at the same age (71 yl. O, 
per 100 mg. fresh weight per hour). It rises 
for about ten days, then drops progressively 
for 150 days, with only slight change there- 
after. Lipogenesis from acetate also follows 
a biphasic curve: it rises to 162 per cent of 
the value for newborn animals between the 
first and fifth day, returns to the initial value 
(100 per cent) by 12 days, then drops to 
one twenty-fifth (4 per cent) of this value 
in the course of 150 days. The initial rise cor- 
responds to the period during which myelin 
first becomes demonstrable histologically in the 
sciatic nerves. 

In the cerebral cortex of the rat, oxygen 
uptake rises sharply after birth and reaches a 
constant rate (225 per cent of the value for 
the newborn animal) at 40 days. During the 
same period, lipogenesis from acetate drops to 
6 per cent of the level for the newborn. If 
respiration and lipogenesis are plotted as a 
function of age, the curves pertaining to brain 
show an initial steep slope, followed by a 
sharp bend at 40 days; those related to nerve 
are more protracted and tend to plateau at 
five months. The same general patterns were 
obtained when the weight of the brain and 
of the peripheral nerves, respectively, was 
plotted as a function of age. Thus, the rates 
of the metabolic functions investigated follow 
closely the pattern of growth rate character- 
istic of each given organ. 

In the peripheral nerve of the normal adult 
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rat several proximo-distal gradients were ob- 
served. If the upper half of the sciatic nerve 
is compared with the tibial nerve, the latter 
is found to contain 20 per cent less lipid, its 
oxygen uptake is 13 per cent lower, and ace- 
tate incorporation into the lipids is also 15 
per cent lower. These findings may be of 
relevance in the pathogenesis of the “periph- 
eral neuropathies.” 


WALLERIAN DEGENERATION 

Bilateral section of the sciatics was per- 
formed in 128 rats. The animals were killed at 
intervals varying between four hours and 50 
days; particular attention was given to the 
early stages of degeneration. Oxygen uptake 
(referred to dry weight) was reduced to 75 
per cent of normal after 24 hours, then in- 
creased to 200 per cent by the tenth day. 
Incorporation of acetate into the lipids dropped 
to 30 per cent of normal during the first five 
days; by the end of four weeks it rose above 
300 per cent. This result in rats with acetate- 
C4 is similar to that observed by Magee and 
Rossiter* using radioactive phosphate. In the 
proximal stump, excluding the regenerating 
cone, incorporation of acetate was also reduced 
by approximately one-third 12 days after sec- 
tion. 
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DEMYELINATION INDUCED BY MIPAFOx 


Rats treated with biweekly subcutaneous 
injections of Mipafox (bis-monoisopropylami- 
nofluorophosphirie oxide) over three to four 
months developed weakness of the hind limbs 
and a typical peripheral neuropathy charac- 
terized by degeneration, histologically of Wal- 
lerian type, in the distal half of the tibial 
nerve. At this stage, lipogenesis from acetate 
was found to be depressed in the upper half 
of the sciatic and enhanced in the tibial nerve 
(similar to the picture in early and late stages 
of Wallerian degeneration, respectively). In 
hens killed 20 to 25 days after injection of the 
same drug, demyelination of white matter was 
studied on isolated funiculi stripped from the 
spinal cord. Acetate incorporation into the 
lipids was depressed in direct proportion to the 
extent of demyelination observed histologically 
within the tracts. In the sciatic nerves of the 
same hens acetate incorporation was reduced 
to 43.7 per cent (P < 0.01) of normal. 

These studies on the patterns of lipogenesis 
in nervous tissue, using various lipid building 
blocks, are continuing. Subjects currently be- 
ing investigated are: the changes in longitu- 
dinal tracts of the spinal cord of the rat at 
varying intervals after surgical section, and the 
interference with lipogenesis by various chem- 
ical agents in vitro. 
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Mode of action of an inhibitor of 


acetylcholine synthesis 


a> 


. B. Sastry, M.D. 


THE HEMICHOLINIUMS! are quaternary bases 
characterized chemically by the incorporation 
of a choline (or choline-like) moiety into a 
six-membered ring through hemi-acetal forma- 
tion. They are highly toxic, producing respira- 
tory paralysis of central origin, which is de- 
layed in onset and can be prevented by the 
administration of either eserine or choline. On 
the basis of these and other findings, Schueler! 
suggested that the hemicholiniums act by in- 
terfering with some cholinergic mechanism. 
Experiments on perfused ganglia and minced 
brain have shown? that one of these com- 
pounds, HC-3 (No. 3 of Schueler’s list’), 
strongly inhibits the synthesis of acetylcholine 
by nervous tissue, except when excess of cho- 
line is present in the extracellular fluid. In 
the ganglion preparation the concentration of 
HC-3 necessary to produce a well-marked in- 
hibition is of the same order as the concentra- 
tions found in the plasma of poisoned animals. 
The following observations on intact animals 
show that this drug produces pharmacologic 
effects that may well be ascribed to interfer- 
ence with acetylcholine synthesis. 

Anesthetized cats maintained on artificial 
respiration can be given doses of HC-3 that 
would otherwise be lethal without obvious cir- 
culatory impairment. In such animals trans- 
mission over autonomic pathways that include 
one or more cholinergic junctions is blocked 
by HC-3, but only when the pathways are 
made to conduct impulses at high frequency 
for several minutes. The block is delayed in 
onset, but progresses to completion; it can be 
relieved by slowing the frequency of stimula- 
tion, or more rapidly by the injection of cho- 
line in doses which would have no significant 
effect on unpoisoned animals. Observations of 
this sort have been made on the cardiac vagal 
efferents, the chorda tympani supply to the 
salivary gland, and the sympathetic ganglion. 
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In contrast, the response to prolonged high- 
frequency stimulation of adrenergic fibers is 
unaffected by HC-3. These results are com- 
patible with the idea that HC-3 has no effect 
on the mechanisms involved in the release of 
acetylcholine, but blocks transmission in active 
cholinergic pathways by allowing the pre- 
synaptic stores of transmitter to be depleted. 
It is attractive to suppose that the toxic action 
of the drug is also due to an effect of this sort, 
even though it has not been shown that the 
transmission of respiratory activity within the 
central nervous system requires the participa- 
tion of cholinergic neurons. 

While these findings suggest that the char- 
acteristic pharmacologic activity of HC-3 de- 
pends on its ability to inhibit acetylcholine 
synthesis, they do not elucidate the nature of 
its inhibitory action. The drug appears to be 
only a weak inhibitor of choline acetylase (that 
is, the enzyme that transfers acetyl groups 
from coenzyme A to choline), as shown by its 
failure to prevent the synthesis of acetylcho- 
line by extracts of acetone powders of brain in- 
cubated with choline and acetyl-coenzyme A.” 
That it also fails to inhibit the acetylation of 
coenzyme A is indicated by the finding that 
pigeon liver homogenates can acetylate sulfa- 
nilamide normally in the presence of high con- 
centrations (up to 10-? M) of HC-3.? There is, 
however, another possible way in which HC-3 
could inhibit acetylcholine synthesis by nerv- 
ous tissue, namely by interfering with the sup- 
ply of choline to the acetylating enzyme. 

The ultimate source of choline for the man- 
ufacture of acetylcholine must be the blood, 
but this source may be barely sufficient when 
acetylcholine turnover at nerve endings is 
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maintained at a high rate for a long time. For 
example, we have observed that in a repeti- 
tively stimulated superior cervical ganglion 
with its circulation intact (the animal being 
eserinized), the output of acetylcholine into 
the venous blood remained steady at about 
10-"° M/min., while the arterial blood sup- 
plied no more than 4x 10-'° M/min. of free 
choline. These figures suggest that choline can 
be transferred with remarkable efficiency from 
the extracellular fluid to the nerve endings, 
which is the more surprising since choline or- 
dinarily does not penetrate very readily into 
neurons.* Can it be that a special choline car- 
rier in the presynaptic membrane brings cho- 
line to the intraneuronal sites of acetylation? 

For technical reasons this question cannot 
easily be answered by experiments on the gan- 
glion preparation, but relevant evidence has 
been supplied by experiments on the avian kid- 
ney. This organ is known to excrete choline 
(and certain other bases) by a tubular mech- 
anism different from the one involved in the 
excretion of p-aminohippuric acid, phenol red, 
and the like.t If HC-3 prevents acetylcholine 
synthesis by interfering with choline transport, 
inhibit choline 
excretion by the avian kidney. This expecta- 
tion has been confirmed in the following way. 
(5x10 M) 
and phenol red (3x 10-* M) was infused into 


it might be expected also to 


A solution containing choline 


one renal portal vein of an anesthetized chick- 
en at the rate of 1.0 ml./min. while urine was 
being collected from each ureter. The urinary 
output of each substance remained high and 
steady, choline being excreted mainly by the 
ipsilateral kidney. When HC-3 (2x 10-+ M) 
was added to the infusion fluid, the output of 
choline was sharply diminished, while the out- 
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Fic. 1. Selective inhibition by HC-3 of choline excre- 
tion by the avian kidney. Rooster, 2.1 kg.; continuous 
infusion of choline and phenol red with or without 
HC-3 into renal portal vein during periods indicated. 
Continuous lines: output of choline (as chloride) and 
phenol red from ipsilateral kidney. Broken lines: out- 
put of same substances from contralateral kidney. 





put of phenol red remained unchanged. When 
infusion of the original mixture was resumed 
the output of choline rose again. Figure 1 
shows the results of a typical experiment. 

These findings demonstrate that HC-3 strong- 
ly inhibits the transfer of choline across the 
cells of the avian renal tubule, a process which, 
as far as is known, does not involve the acety- 
lation of choline. They make it highly probable 
that HC-3 interferes with acetylcholine syn- 
thesis in nervous tissue by competitively in- 
hibiting the transport of choline to its intra- 
cellular site of acetylation. 
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Correlation of rate of compulsive 


circling in rabbits with the 


asymmetric accumulation of 


acetylcholine in cerebral cortices 


M. H. Aprison, Ph.D.* 


THE PHENOMENON of compulsive circling is 
the involuntary or forced turning of an animal 
in circles. The type of coordinated movement 
may vary from pivoting on the hind legs to 
moving along the circumference of a small 
circle. Such compulsive behavior may be pro- 
duced experimentally in a number of ways. 
One such method is by injecting the anticho- 
linesterase drug, diisopropyl fluorophosphate 
(DFP), into one common carotid artery. When 
this is done in the rabbit, one of three different 
behavioral states may be noted.!-* The majority 
of the animals circle away from the injected 
side (“lefters”), fewer are unaffected by the 
drug and maintain their normal mode of pro- 
gression (“neutrals”), while some circle toward 
In addition to 
the following changes, such as constriction of 


the injected side (“righters”). 


the right pupil, chewing movements, tremors, 
head and eye nystagmus, it was also noted that 
the number of turns made by the rabbits in a 
unit of time varied considerably. 

After a study was completed in which the 
cholinesterase (ChE) activity was determined 
in the left and right areas of the frontal cortex, 
caudate nucleus, thalamus, superior and in- 
ferior colliculus, medulla oblongata, pons, and 
cerebellum (flocculonodular and lingular lobes), 
it was concluded that the frontal cortex and 
caudate nucleus were the only two areas of 
the brain which appeared to be directly in- 
volved in the production of the circus move- 
ments produced by the unilateral intracarotid 
injection of DFP.* The enzyme study was fol- 
lowed by one in which the free or soluble 
acetylcholine (ACh) was measured in the left 
and right motor cortex and caudate nucleus.*® 
In rabbits circling to the left, the ACh content 


‘ 
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was higher on the right side in both the cortex 
and caudate nucleus. However, in animals 
turning compulsively to the right, the left cor- 
tex had a higher ACh concentration than the 
opposite side. In the case of the caudate nu- 
clei, the right side was higher than the left. 
Since the ChE data as well as the ACh data 
for the caudate nuclei in “righters” and “left- 
ers” show little difference, it is difficult to im- 
plicate the caudate alone in the mechanism of 
It is thought that the 
caudate nucleus may be involved in a secon- 


compulsive turning. 


dary manner in the production of rabbits cir- 
cling to the left. However, the biochemical 
evidence does suggest ihat stimulation due to 
the accumulated ACh on one side of the cere- 
bral cortex may be the primary factor in caus- 
ing the animal to cxhibit compulsive circling 
toward the contr: lateral side. 

It occurred to the author that the number 
of observed turns per minute executed by the 
rabbits just prior to the removal of the brain 
parts for biochemical analysis might be a 
measure of the asymmetry in ACh concentra- 
tion between the right and left cerebral cortex. 
Furthermore, if the above conclusion is cor- 
rect, this should be true irrespective of the 
direction of the compulsive turning. 

To test this idea, circus movements were 
produced in rabbits by injecting 0.1 mg./kg. 
DFP into the right common carotid artery. 
Nineteen “lefters” and seven “righters” are re- 
From the Thudichum Research Laboratory, Galesburg State 
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ported in this study. The number of turns 
executed by the rabbits were noted at different 
times. In the case of the 16 control animals, 
0.1 ml./kg. water was injected instead of DFP. 
After the animal was observed for 20 minutes 
and had shown a single behavioral pattern, it 
was prepared for surgical excision of the de- 
sired brain areas. The tissue was processed 
and the ACh determined by a method pre- 
viously described.® 

In a given animal the free ACh content of 
the left cortex was subtracted from that found 
for the right cortex. This value in pg./gm. is 
expressed as /\ ACh gc-pc and is the unit 
used to plot against the turns per minute made 
by the animal just before it was sacrificed. In 
“lefters’” /A\ACh pc-tc was a positive value, 
because the right cortex had a higher ACh 
content than the left. In the case of the “right- 
ers,” the left cortex had a higher ACh content 
and the difference in these two numbers was 
The mean of the difference data 
between the right and left cortices of the 16 


negative. 


REFERENCES 


1. Aprison, M. H., Natsan, P., and Hmo«wicna, H. E.: 
Brain acetylcholinesterase activities in rabbits exhibit- 
ing three behavioral patterns following the intracarotid 
injection of di-isopropyl fluorophosphate. Am. J. Phys- 
iol. 177:175, 1954. 

. NatHan, P., and Aprison, M. H.: Cholinesterase 
content and functional activity in the central nervous 
system. Biochim. et Biophys. Acta 18:150, 1955. 
Aprison, M. H., NaTHAn, P., and Hiwwicna, H. E.: 

Cholinergic mechanism of brain involved in compul- 


i) 


SECTION ON NEUROCHEMISTRY 





93 


controls was + 0.03 »g./gm. Therefore, two 
assumptions were made: 1) the curve to de- 
scribe the data passes through the origin, and 
2) the curve is linear in the region studied. 
When the method of least squares was ap- 
plied to the data, it was found that the slope 
of the curve for the “lefter” data was + 0.18, 
while that for the “righters” was —0.23. There- 
fore, a general equation to describe the rela- 
tionship between the rate of turning, direction 
of turning, and the amount of asymmetry of 
ACh in the right and left cortices of rabbits 
induced to exhibit circus movements as a re- 
sult of the injection of 0.1 mg./kg. DFP into 
the right common carotid artery is: 
+D= ER 

where D is A AChge-rc in pg./gm., k is 
0.2, R is the rate of turning 20 minutes after 
the DFP injection (R < 10 t/min.), and a 
plus (+) sign indicates “lefters” while a minus 
(—) 
relation was found in the case of the caudate 


sign indicates “righters.” No such cor- 


nuclei. 
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Butyrylcholinesterase in human and 


ruminant nervous tissue 


Joseph Bernsohn, Ph.D. and LeRoy Possley, M.S. 


THe ROLE of butyrylcholinesterase in central 
nervous tissue has been relatively unexplored, 
compared to acetylcholinesterase, because 1) 
we lack knowledge of the physiologic sub- 
strate for this enzyme (although acetylcholine 
has been suggested), and 2) its apparent ab- 
sence from ruminant central nervous tissue 
makes it difficult to ascribe a fundamental 
function to this enzyme. Its absence from 
ruminant tissue has been based on the obser- 
vation of Mendel, Mundell, and Rudney! that 
benzoylcholine is a specific substrate for the 
enzyme and no benzoylcholine hydrolysis is 
evident when this tissue is assayed with this 
Recently Hardwick? reported the 
isolation from bovine plasma of an enzyme 


substrate. 


which had properties similar to butyrylcholin- 
esterase, except for its inability to hydrolyze 
benzoylcholine. 

It was then decided to re-investigate the 
occurrence of this enzyme in ruminant brain. 

Assays were performed in the conventional 
Warburg apparatus in the usual manner. Val- 
ues are expressed as »moles of substrate hy- 
drolyzed per gram of wet tissue per hour. 
The differentiation of the two cholinesterases 
was made possible by the use of Mytelase 
( N’,N’-bis-(2-diethylaminoethyl) oxamide bis- 
2-cl" xrobenzylchloride), which is a_ specific 


acetylcholinesterase inhibitor at the concentra- 
tions employed. 

The results on human, bovine, and sheep 
brain white matter are shown in table 1. 

Using butyrylcholine as a substrate, it can 
be seen that all three tissues exhibit activity 
to varying degrees and that this activity is only 
slightly inhibited by 5x 10-7 M Mytelase. In 
addition, the ratios of butyryl- : acetylcholine 
activity are 2.4, 2.2, and 2.9 for human, bo- 
vine, and sheep white nervous tissue. This is 
in accord with the activity ratios found for 
butyrylcholinesterase in other tissues. In a 
double inhibitor experiment using Mytelase 
and 5x 10-° M eserine, the activity was com- 
pletely abolished. It can also be seen that the 
ruminant tissue possessed no benzoylcholine- 
splitting properties. Further experiments on 
substrate concentration versus activity showed 
increasing activity of the enzyme with increas- 
ing substrate concentration. This also occurs 
Pion the neuropsychiatric resenneh leioretcaios. US. Vet- 
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TABLE 1 
CHOLINESTERASES IN WHITE MATTER OF HUMAN, BOVINE, AND SHEEP BRAIN 
—Human— —Bovine— -—Sheep— 
Per Cent Per Cent Per Cent 
Substrate Q° Inhibition Q Inhibition Q Inhibition 
AcChelI, 1x10-? M 24.2 - 11.7 - 16.5 - 
+ inhibitor®* 13.3 45.0 3.65 68.8 5.35 67.6 
BuCheCl, 1x10-2 M 33.4 - 8.7 - 16.5 ~ 
+ inhibitor®* 32.2 3.6 8.1 7.0 15.7 5.0 
BzCheCl, 1x10-2 M 8.6 _ 0.0 - 0.0 - 








°Q = uM substrate hydrolyzed/gm. wet tissue/hour 


**Inhibitor: Mytelase, 5x10-7 M 





Reaction mixture: Substrate, 1x10-* M; buffer: 0.023 M NaHCO;—0.154 M NaCl, pH 7.4; Atm.: 95% 
Nz — 5% CO.; hemogenate equivalent to 200 mg. wet tissue; total volume: 2.0 ml. 
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TABLE 2 
OCCURRENCE OF BUTYRYLCHOLINESTERASE IN BRAIN WHITE MATTER IN VARIOUS SPECIES 


Butyryl- 

cholinesterase 
Species o 
Human 33.4 
Bovine 8.7 
Sheep 16.5 
Eland 5.5 
Kangaroo 16.7 
Sita tunga 31.4 
Swine 36.3 
Horse 


45.3 


*Inhibitor: Mytelase, 5x10-7 M 
°° = uM substrate hydrolyzed/gm. tissue/hour 
Reaction mixture: same as table 1 


with the butyrylcholinesterase in serum, in con- 
tradistinction to acetylcholinesterase which has 
a definite substrate optimum. 

Assays for butyrylcholinesterase in a few 
other species are presented in table 2. En- 
zymatic activity for butyrylcholine is evident 
and it can be seen that no benzoylcholine 
activity occurred in the marsupial or ruminant 
nervous tissue. 


REFERENCES 

l. Menpexr, B., Munpett, D. B., H.: 
Studies on cholinesterase. 3. 
cholinesterase and pseudo-cholinesterase. 


and RupNeEy, 


Specific tests for true 
Biochem. J. 


Butyrylcholinesterase 


+ Inhibitor® Benzoyl- 

Per Cent choline 
Q Inhibition Q 
32.2 4 8.6 
8.1 7 0.0 
15.7 5 0.0 
5.3 5 0.0 
14.7 12 0.0 
29.4 6 0.0 
36.3 0 75 
44.2 2 9.2 


The data indicated that an enzyme is pres- 
ent in ruminant brain which is similar to the 
butyrylcholinesterase of human brain, except 
for its inability to hydrolyze benzoylcholine. 
Such a finding would imply that the enzyme 
may be ubiquitous in central nervous tissue 
and may serve a basic function in such tissue. 





We are indebted to the Winthrop Laboratories for their 
generous gift of Mytelase. 
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Effect of prolonged treatment with 


tranquilizing drugs upon two 


enzymes of the central nervous system 


Winifred Ashby, Ph.D. 


IT HAS BEEN REPORTED that carbonic anhydrase 
increases in the central nervous system in 
growing rats upon stimulation of the bone 
marrow by exposure to lowered atmospheric 
pressure and is reduced by increased pressure. 
Injections of bone marrow produced a more 
marked increase. Incidentally, it was found 
that chlorpromazine was as efficient a stimu- 
lant as bone marrow.’:? Further work is here 
reported using other tranquilizers and mature 
animals. Separate assays of the hippocampus 
have been made, as have parallel determina- 
tions of cholinesterase. 

Batches of female rats and guinea pigs of 
approximately the same age were supplied by 
the National Institutes of Health. They were 
injected five times a week. Experimental and 
control animals were sacrificed alternately and 
the brain enzymes were assayed after brief 
freezing. Carbonic anhydrase was determined 
by a modification of the method of Philpots 
and Philpots, reproducing within 5 per cent. 
A titration method was used for cholinesterase. 
Statistical significance was determined by for- 
mulae from Rahn.*® 

In the saline injected controls changes were 
found in carbonic anhydrase activity both in 
the growing and in the mature animals. There 
were consistent increases in the cerebrum of 
four series studied. In the cerebellum and 
brainstem this consistency did not hold. The 
results of drug injections are considered with 
respect to absolute increase within the series 
and to per cent increase over the controls. 

Bone marrow, chlorpromazine (0.44 mg./ 
100 gm.), and reserpine (0.22 gamma/100 
gm.) were injected for three and one-half and 
six and one-half weeks into growing rats. 
After three and one-half weeks there was in- 
crease in carbonic anhydrase in the cerebrum 
and brainstem but no significant change in the 
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cerebellum. After six and one-half weeks in- 
creases in the controls had occurred in the 
cerebrum and brainstem but not in the cere- 
bellum. In the injected animals carbonic an- 
hydrase had increased in all areas. At this 
time the reserpine-injected animals showed the 
greatest content. In comparison with the con- 
trols, 17 injections of bone marrow and chlor- 
promazine gave statistically significant excess 
in the cerebrum and brainstem. Fifteen injec- 
tions of reserpine showed statistically signifi- 
cant excess in the brainstem only. After 32 
injections of bone marrow and 25 injections 
of reserpine, each series showed statistically 
significant excess over the controls in all areas, 
with the exception of the cerebrum in the 
bone marrow-treated animals which, although 
it had made further increase, had lost its lead. 

In the next series the hippocampus was ex- 
amined separately. Growing rats were inject- 
ed with reserpine (10 gamma/ 100 gm.) 
19, 25, and 49 times. Twenty-five injections 
produced substantial increase in all areas, but 
after 49 injections there was a decrease in 
the cerebrum, hippocampus, and cerebellum. 
Eighteen injections of Frenquel (0.27 mg. 
100 gm.) produced increases in all areas; no 
further increase was shown with 31 injections, 
except in the brainstem. Increases in the 
hippocampus and brainstem were statistically 
significant at both periods of examination with 
both drugs. 

Adult rats were treated with small doses of 
chlorpromazine (0.26 mg./gm.); 30 and 51 
injections were given. After 30 injections the 
hippocampus was not examined separately and 
the only statistically significant increase found 
was in the cerebellum. After 51 injections 





From St. Elizabeth’s Hospital, Washington, D.C. 
Abstract of paper presented at the first annual meeting of 
the Section on Neurochemistry, American Academy of 
Neurology, Boston, April 27, 1957. 








the 
in 
in 


in 
di 
je 
ql 











there was significant excess over the controls 
in the hippocampus and brainstem, but not 
in the cerebellum and cerebrum. 

Mature guinea pigs were treated with chlor- 
promazine (0.15 mg. per 100 gm.) and reser- 
pine (6 gamma per 100 gm.), receiving 32 
and 57 injections. After removal of the hip- 
pocampus, the cerebrum was divided into a 
frontal and occipital half and the brainstem 
sectioned below the colliculi. After 32 
injections there was a statistical excess over 
the controls in the frontal half of the cerebrum 
and in the hippocampus in both the chlor- 
promazine- and the reserpine-injected animals. 
After 67 injections with chlorpromazine the 
significant increase was in the occipital half 
of the cerebrum and in the lower and upper 
brainstem, while with reserpine it was in the 
brainstem. The hippocampus showed 
statistically significant increases in both series. 

Cholinesterase did not show any increase 
in injected animals. Where any considerable 
difference between the controls and the in- 


was 


lower 


jected animals occurred, it was a_ negative 
quantity. 

A limited amount of data were collected, 
designed to disclose the part played by the 
bone marrow. Since carbonic anhydrase would 
seem to be of importance in facilitating the 
effect of carbon dioxide upon ionic exchange 
at the cell surface, it was assumed that the 
enzyme particles might be located at the cell 
surface and that the blood cell, with its high 
content of carbonic anhydrase, might deposit 
it on tissue cells activated to receive it. The 
data collected indicate no increase in cor- 
puscles nor in the carbonic anhydrase content 
of the corpuscles to account for increases found 
in the central nervous system. Gross examina- 
tion of the bone marrow at a break in the cen- 
ter of the hind leg, although it showed great 
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individual variation, which negated a statis- 
tical significance, showed an average increased 
reddening in the injected animals as compared 
with the controls, which was greater in the 
beginning of each series so studied. 

Increase in carbonic anhydrase of the kid- 
ney was found with injections of bone marrow, 
chlorpromazine, and _ reserpine. 
in carbonic anhydrase in the 
system, upon stimulation of 
system by decreased oxygen 
and by bone marrow injection, suggests an 
endocrine function of the bone marrow with 


The increase 
central nervous 


the hemopoietic 


respect to carbonic anhydrase. If more metic- 
ulous testing should indicate an extension of 
the red bone marrow by the tranquilizing 
drugs, which might well be a compensatory 
process, this common increase in carbonic an- 
hydrase with the tranquilizing drugs would be 
explained. But there still appears to be a spe- 
cific effect upon the hippocampus and brain- 
stem. In contrast to this effect, a pilot experi- 
ment run with Bogadine, a stimulating drug, 
disclosed a decrease in carbonic anhydrase 
in the hippocampus and brainstem, although 
some increase was shown in the cerebrum and 
cerebellum. 
CONCLUSION 

Superimposed upon a fluid state of carbonic 
anhydrase content of the central nervous sys- 
tem in the controls, the data presented would 
seem to clearly indicate that the tranquilizing 
drugs produce an increase in carbonic anhy- 
drase in areas of the brain, which appears to 
culminate in the hippocampus and brainstem. 
In growing animals the effect is more diffuse 
than in adult animals. There has been shown 
an optimum point in the course of injections 
after which the carbonic anhydrase content 
deteriorates. 


ous system and agents changing its concentration. 
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Factor | and gamma-aminobutyric 


acid: A summary 


K. A. C. Elliott, Ph.D., D.Sc. 


INHIBITORY and excitatory effects of mam- 
malian brain and spinal cord extracts on the 
generation of impulses by the stretch receptor 
neuron of the crayfish were first described by 
Florey.! The material responsible for the in- 
hibitory effect was called “Factor I.” The fol- 
lowing is a summary of studies on this factor 


which have been made recently at the Mont- 
real Neurological Institute. 

Florey and Elliott? found certain interesting 
relationships between Factor I activity and 
neurotropic drugs. For instance, barbiturates, 
like Factor I, block the activity of the stretch 
receptor neuron, while substances which are 
convulsants in the crayfish, when applied in 
concentrations which did not affect the spon- 
taneous activity of the neuron, prevented the 
inhibitory action of Factor I. A convenient 
method for assaying Factor I activity by means 
of the stretch receptor preparation was devel- 
oped and it was found that most of the Fac- 
tor I activity in brain is held in an “occult” 
or inactive form from which it could be re- 
leased by heat, hypotonic medium, or dilute 
acid or alkali. 

Using the assay method, Bazemore and Flo- 
rey® set about isolating the factor. By alcohol 
extraction of acetone-dried beef brain, fol- 
lowed by the use of ion exchange resins and, 
finally, by fractional crystallization, the most 
active substance so far tested was obtained. 
This substance was identified as y-aminobu- 
tyric acid (GAB) and authentic samples of 
this chemical were found to have the same 
activity. Among a large number of other am- 
ino acids and other compounds of physiologic 
interest which have been tested, obvious Fac- 
tor I activity has been observed only with 
y-amino-8-hydroxybutyric acid which is about 
half as active as GAB, with §-alanine and 
s-aminovaleric acid which were about one- 
twentieth as active, and with a,y-diaminobu- 
tyric acid which is about one-sixtieth as active. 
Carnitine. and §-hydroxybutyric acid and a- 
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aminobutyric acid seemed inactive. Glutamic 
acid gives excitatory and inhibitory effects with 
some, but not all, stretch receptor preparations 
and, very rarely, has shown inhibitory effects 
nearly as strong as with GAB. The presence 
of considerable amounts of GAB in brain 
was discovered in 1950 by Awapara, Landua, 
Fuerst, and Seale,t Roberts and Frankel,' and 
Udenfriend.* The amounts found to be pres- 
ent could apparently account for all the Fac- 
tor I activity observed but, so far, we have 
no real evidence that GAB is the only sub- 
stance in brain which is strongly active as 
Factor I. 

Studies by Florey and McLennan?§ and 
Florey,® with partially purified extracts con- 
taining Factor I, have indicated that the fac- 
tor strongly affects the activity of various mam- 
malian and invertebrate nervous structures. 
Hayashi and Nagai!® have reported that 7-am- 
ino-8-hydroxybutyric acid, applied to the cor- 
tex or injected into the carotid artery or the 
cerebrospinal fluid, inhibits electrically or 
chemically induced convulsions in dogs. This 
substance is not known to be present in brain. 
Gamma-aminobutyric acid was also inhibitory 
in low concentrations but in higher concentra- 
tions it became a “stimulant.” 

Recently, Iwama and Jasper" have found 
that GAB, topically applied to the exposed 
cortex of cats, causes reversible depression of 
the surface negative phase of sensory evoked 
potentials, increases after-discharges, changes 
the larger amplitude waves of the recruiting 
response from surface negative to positive, in- 
creases spontaneous electrical activity, and re- 
verses the predominant polarity of “spindle 
bursts.” The surface negative dendritic re- 
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sponse to local cortical stimulation is abolished, 
the effect being narrowly localized to the site 
of application. No effect on evoked potentials 
occurred when the substance was applied 
about 1 mm. beneath the surface of the cor- 
tex. Very similar observations have been made 
by Purpura and Grundfest. 

These results, together with those of Killam 
and Bain'*-'* showing that hydrazide intoxica- 
tion is accompanied by a fall in the y-amino- 
butyric acid level of the mammalian brain con- 
comitant with the convulsive activity produced 
by the hydrazides, strongly suggest that GAB 
is concerned in some aspects of the regulation 
of the physiologic activity in the brain and 
other nervous structures. 

If this is so, we must expect the tissue to 
have machinery for the production, storage, re- 
lease, and final disposition of the active sub- 
stance. These aspects are being studied. 

It is well known that brain tissue contains 
a pyridoxal phosphate-dependent decarboxy- 
lase which can produce GAB from glutamate. 
On incubation in medium containing added 
glutamate, the GAB content of slices of cere- 
bral cortex increases very considerably. This 
increase is dependent upon the concentration 
of glutamate. 

As was mentioned previously, GAB in brain 
tissue seems to be nearly all in a bound or 
storage form. 

Neither brain suspensions nor slices destroy 
GAB at any appreciable rate when it is added 
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to the medium. Bessman, Rossen, and Layne! 
and Roberts and Bregoff'® have shown that 
brain preparations can cause GAB to undergo 
a transamination reaction with a-ketoglutarate. 
This, however, occurs at an appreciable, but 
still low, rate only when relatively high con- 
centrations of both reactants are present. 

When brain slices are immersed in medium 
containing GAB, they rapidly absorb large 
amounts of the GAB. The concentration of 
GAB in the slices can increase from about 3 
to 25 uwmoles per gm., while the amount of 
free GAB in the medium is decreased. It is 
found that the ratio of the concentration of 
GAB in the slice to that in the medium in- 
creases strongly as the concentration in the 
medium is decreased. In medium containing 
0.5 »moles per ml., for example, the slices 
contain about 17 y»moles per gm. If a phys- 
iologically active concentration of free GAB 
were brought in contact with the tissue, the 
tissue would be able to absorb it virtually all 
into the bound form. This absorption depends 
on tissue structure since it does not occur with 
disintegrated tissue. It does not occur with 
diaphragm muscle or with slices of liver or 
kidney. This absorption could then serve as 
a mechanism by which free active GAB is 
disrosed of physiologically. 

We have not yet had opportunity to seek for 
conditions of physiologic significance which 
could cause the release of active GAB from 
the bound form. 
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Cerebral blood flow in epileptic 


children during the 


interseizure period 


Charles Kennedy, M.D., William Anderson, M.D. and 


Louis Sokoloff, M.D. 


SINCE THE DEMONSTRATION by Cooper" in 
1836 that convulsions could be produced ex- 
perimentally by restricting the blood flow to 
the brain, the possible role of abnormalities 
of the cerebral circulation in epilepsy has been 
studied extensively. A once widely held the- 
ory that cerebral vessels of the epileptic are 
subject to generalized vasospasm, which pro- 
duced the seizure by causing cerebral anemia,” 
has been largely disproved,*:* while consid- 
erable evidence exists in support of the possi- 
bility that local alterations of cerebral vessels 
may be present in many seizure-prone indi- 
viduals.*-* However, quantitative measure- 
ments of over-all cerebral blood flow in adult 
epileptics during the interseizure period, which 
might be affected by local vascular abnormali- 
ties, have not revealed any significant differ- 
ence from that in normal individuals.*:!° The 
demonstration that the cerebral blood flow in 
children is nearly twice that of adults' sug- 
gested the possibility that a difference, par- 
ticularly if small in proportion to total cerebral 
blood flow and therefore obscured by errors 
of the method, might be more readily detect- 
ed in the pre-adolescent age group. There- 
fore, values for cerebral blood flow were ob- 
tained in a group of epileptic children, using 
a modification of the nitrous oxide method. 
In a preliminary report, no significant differ- 
ence was found between the mean value in 
this group and that of normal children.!* How- 
ever, more recently the number of determina- 
tions in both normal and epileptic children has 
been increased. A statistical analysis of the 
data of the enlarged series constitutes the basis 
for the present report. 


METHOD 


The cerebral blood flow (CBF) of 12 chil- 


dren subject to a variety of epileptiform seiz- 
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ures was determined by means of a modifica- 
tion of the nitrous oxide technic.!! Similar de- 
terminations were made in 11 normal children 
previously reported,'! with the addition of 
two studies, one in a ten year old girl and one 
in an eight year old boy. 

The character and total number of attacks 
in the epileptic children together with the 
electroencephalographic findings are listed in 
table 1. Neurologic examinations were nega- 
tive in all instances, as were skull roentgeno- 
grams, and no evidence of metabolic disease 
was found in routine urinalyses and blood 
chemistry determinations. All but four of the 
children were considered mentally normal on 
the basis of developmental history and school 
adjustment. Psychologic testing done on the 
four in whom some question had arisen re- 
vealed that three (cases 3, 9, and 12) were 
functioning at a dull normal level, while the 
fourth (case 7) had above average mental 
ability. In the pneumoencephalogram done in 
the one child (case 12) with intractable seiz- 
ures, atrophy in the region of the insula was 
found on the right side. A history of head 
trauma resulting in a concussion and skull frac- 
ture five years prior to the onset of his attacks 
was obtained on one child (case 1). In none 
of the near relatives was there a history of 
epilepsy. Two children could not be taken off 
anticonvulsant medication for the cerebral 
blood flow determination without serious ag- 
gravation of their seizure status. Therefore, 
although the data from their studies are given 
in tables 2 and 3, these were not included in 
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TABLE 1 
CLINICAL DESCRIPTIONS OF 12 EPILEPTIC CHILDREN 
Subject Sex Character of Attacks Electroencephalogram Total Number of Attacks 
1. M Generalized Abnormal 5 
2. M Generalized and petit mal Borderline < 10 
3. M_— Generalized Normal 10 
4. M Generalized Normal 5 
5. M Generalized Abnormal > 50 
6. F Petit mal 3/sec. spike and wave > 50 
A M =Petit mal 3/sec. spike and wave > 50 
8. M__ Generalized and petit mal Abnormal > 50 
9. M Akinetic Abnormal > 20 
10. F Akinetic and psychomotor Normal > 50 
11. M_—~_ Generalized Abnormal > 20 
12. M __ Focal motor and generalized Abnormal > 50 


the statistical analysis. One of these (case 12) 
was maintained on 0.2 gm. of phenobarbital 
per day, in spite of which he continued to 
have some focal twitching of the left face 
several times per day, and the other (case 11) 
continued to receive 0.15 gm. of diphenyl- 
hydantoin and 0.06 gm. of phenobarbital per 
day, without which generalized seizures were 
precipitated. The remaining ten had been off 
all medication for at least three days prior to 
the study. Except for two children (cases 6 
and 7) with pure petit mal,* who had had 
two or three attacks each on the day prior to 
the study, all had been free of seizures for 
a week or more prior to the cerebral blood 
flow determination. 

Mean arterial blood pressure (MABP) was 
measured by means of a damped mercury 
manometer connected to the femoral arterial 
needle. Blood oxygen and carbon dioxide con- 
tent were determined by the technic of Van 
Slyke and Neill, and cerebral oxygen con- 
sumption (CMRO.) and cerebral vascular re- 
sistance (CVR) were calculated in the usual 
manner.'* Hemoglobin concentration was 
measured as cyanomethemoglobin’ in a Klett 
photoelectric colorimeter, using the copper 
sulphate standard.’® Blood pH was measured 
anerobically at room temperature in a Cam- 
bridge pH meter and was corrected to 37° C. 
by means of the factors of Rosenthal.!7 





*Momentary absence of consciousness without a motor 
component and having three per second spike and wave 
discharges in electroencephalogram. 


RESULTS 

The data obtained in the individual studies 
in epileptic children and the mean values for 
the normal series are given in tables 2 and 3. 
With cases 11 and 12 omitted from the sta- 
tistical analysis because of their anticonvulsant 
medication, it can be seen that a statistically 
significant difference exists between the mean 
value of 106 cc./100 gm./min. for CBF in the 
normal children, and that of 92 cc./100 gm./ 
min. in the ten children with epilepsy (p < 
0.05). Likewise the mean CVR of 0.91 mm. 
Hg/cc./100 gm./min. in the latter group is 
significantly greater than that of 0.76 mm. Hg/ 
ce./100 gm./min. for the normal series (p < 
0.05), the MABP being the same for both 
series. The lower CMRO, of 4.72 cc./100 
gm./min. in the seizure group, which com- 
pared with 5.22 cc./100 gm./min. in the nor- 
mal children, is not of statistical significance 
(p < 0.2). The mean arteriovenous oxygen 
difference and the cerebral respiratory quotient 
were comparable for both groups and no sig- 
nificant differences were found among the 
blood constituents. 

The ten epileptic children off medication 
may be divided into two groups. One might 
be designated as those with well controlled 
epilepsy and constitute the first four children 
in table 1. Each of these had had a total of 
ten or less seizures and could be kept seizure- 
free for periods of a year or more with proper 
medication. A second group, the next six cases 
in table 1, could be considered poorly con- 
trolled, since each child in this group had had 
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Table 2 
Blood Constituents 


TWELVE EPILEPTIC CHILDREN 


O: Content 


CO: Content 
A = 


CO: Tension 


ol. S Vol. pH mm. Hg 
Hemo- 

Subject globin Jug Jug. Jug. Jug. 
gm. % Arterial Venous Arterial Venous Arterial Venous Arterial Venous 

i 12.7 17.03 11.66 42.30 48.24 7.38 7.34 37 45 

2 12.8 16.27 12.05 47.92 53.69 7.38 7.33 42 51 

3 12.9 16.55 12.49 43.48 47.99 7.37 7.32 39 47 

+ 12.6 15.31 10.52 49.85 53.82 7.36 7.32 45 53 

5 14.2 18.76 11.52 47.62 54.93 7.35 7.32 45 55 

6 10.4 13.22 8.86 49.23 §2.27 7.37 7.31 42 51 

7 14.1 18.75 11.49 45.78 52.22 7.40 7.33 39 51 

8 13.0 17.00 10.56 45.99 52.20 7.38 7.35 40 48 

9 11.8 15.04 11.47 50.03 53.16 7.38 7.34 43 49 

10 13.0 15.81 9.86 46.27 51.82 7.38 7.33 42 49 

41." 10.4 13.58 8.24 48.96 54.54 7.38 7.35 4i 49 

52.* 14.8 16.68 11.40 49.71 56.02 7.41 7.37 41 49 
Mean 12.80 16.37 11.05 46.85 52.03 7.38 7.33 41.4 49.9 
Standard Error +0.34 +0.53 +0.35 +0.82 +0.72 +0.004 +0.003 +0.8 +0.9 

ELEVEN NORMAL CHILDREN 

Mean 12.31 15.62 10.72 46.12 51.06 7.38 7.34 40.1 48.1 
Standard Error +0.22 +0.28 +0.25 +0.70 +0.72 +0.01 +0.01 +0.9 +2.5 
p value 0.2 0.2 >0.2 >0.5 >0.3 0.4 >0.2 | >05 


*Not included in statistical analysis because of anticonvulsant 


20 or more seizures and could be kept seizure- 
free only for periods much shorter than a year. 
This includes the children with 
petit mal, whose attacks had numbered 20 to 
50 per day for many consecutive weeks in 
certain periods in the past. With the series so 
subdivided, it can be seen from table 4 that 
the mean value for CBF in the children with 
mild seizure proneness is comparable to that 
of the normal series. That for the severe epi- 
leptics, 82 cc./100 gm./min., is significantly 
lower than both the normal mean and the 
mean of the mild epileptics, the p value be- 
ing < 0.01 and < 0.05, respectively. Like- 
wise, mean CVR of 1.02 mm. Hg/cc./100 
gm./min. for the severe epileptics is signifi- 
cantly higher than 0.76 mm. Hg/cc./100 


group two 


gm./min. for the normal children and also 
higher than 0.70 mm. Hg/cc./100 gm./min. 
for the mild epileptics, the p value being < 
0.02 in both comparisons. No significant dif- 


medication. 


ferences were found in the CMRO, nor in any 
of the blood constituents on comparing the 
severe epileptics with the mild epileptic or 
with the normal children. 

The two epileptic children (cases 11 and 
12) are reported as instances of such severe 
seizure proneness that medication could not 
be withdrawn without precipitating a severe 
exacerbation of attacks. These two, not in- 
cluded in the statistical analysis for this rea- 
son, are of interest because their values for 
CBF, 77 and 63 cc./100 gm./min., respec- 
tively, are among the lowest of the entire 
group studied. Also the CVR of 1.2 and 1.3 
mm. Hg/cc./100 gm./min., respectively, ex- 
ceed those for any of the other epileptic chil- 
dren. Since barbiturates have been shown to 
produce no effect on CBF in sedative doses,'* 
or even to result in an increase in CBF if 
given in larger doses,! it seems unlikely 
that these extreme values for CBF and CVR 
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Table 3 
Cerebral Circulatory Function 


TWELVE EPILEPTIC CHILDREN 


Age MABP CBF CMRO: (A-V)02 p, Cerebral 
Subject Sex Years mm. Hg. |cc./100 gm./min.jcc./100 gm./min.; Vol. % jcc. /100 gm./min. R.Q. 
1 M | il 91 4.9 5.37 1.10 
2 M 7 80 111 4.7 4.22 7 1.36 
3 M 5 74 107 4.3 4.06 a 1.11 
4 M 7 79 109 5.2 4.79 7 .83 
5 M 11 103 91 6.6 7.24 1.1 1.01 
6 F 7 77 99 4.4 4.36 8 .70 
7 M 8 74 61 4.4 7.26 1.2 89 
8 M 9 80 77 5.0 6.44 1.1 95 
9 M 10 76 99 3.5 3.57 8 88 
10 I 10 80 71 4.2 5.95 1.1 1.03 
11.* M 3 89 77 4.1 5.34 1.2 1.04 
12.* M 8 85 63 3.9 6.28 1.3 1.00 
Mean 8.5 80.3 91.6 4.72 5.33 91 99 
Standard Error +0.6 +2.8 +5.4 +0.26 +0.72 +0.07 +0.06 
ELEVEN NORMAL CHILDREN 
Mean 6.6 81.5 106.3 5.22 4.91 .76 1.01 
Standard Error +0.9 +1.6 +3.0 +0.20 +0.10 +0.02 +0.04 
p value >0.1 >0.6 <0.05 >0.1 >0.9 <0.05 >0.8 


*Not included in statistical analysis because of anticonvulsant medication. 


are due to the phenobarbital. With respect 
to the possible effect of diphenylhydantoin, 
we have conducted a preliminary study, the 
results of which are given in table 5. In a 
group of four epileptic children studied be- 
fore and again a week after being placed on 
the usual anticonvulsant doses of this drug 
(120 to 200 mg. per day), it can be seen that 
there is an increase in the mean CBF from 
85 ce./100 gm./min. to 102 cc./100 gm./min., 
the p value being < 0.01. Therefore, it would 
also seem unlikely that the low value for CBF 
in case 11 is due to the effect of diphenylhy- 
dantoin. 
DISCUSSION 

The finding of a significantly lower mean 
CBF in a group of epileptic children in the 
interseizure period is perhaps surprising, in 
view of the reports of Gibbs® and of Grant 
and co-workers!” that no such difference exists 


in adults. While the negative findings of the 
former might be explained on the basis of 
errors inherent in the dye injection technic, the 
discrepancy with the latter is less apparent. 
It is noteworthy, however, that all of Grant's 
patients were subject to generalized seizures. 
Therefore, our patients, which included chil- 
dren subject to petit mal, akinetic, and psy- 
chomotor attacks in addition to generalized 
seizures, are not entirely comparable. Indeed, 
if the four children in our series who had gen- 
eralized seizures only are considered separate- 
ly, their mean CBF of 100 cc./100 gm./min. 
is not significantly lower than the mean nor- 
mal of 106 cc./100 gm./min. (p > 0.1). 
Since three of the four children with grand 
mal attacks alone were also considered to have 
mild seizure proneness, it is possible that the 
lack of a lowering of CBF is related to this 
factor, rather than to the character of attacks. 
In support of this view is the absence of a 
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TABLE 4 
COMPARISON OF CBF IN CHILDREN WITH WELL CONTROLLED SEIZURES VS. 


THOSE POORLY CONTROLLED 


CBF 
cc./100 gm./min. 


Well controlled (4 cases). 
Total number of attacks < 10. 
Free of seizures for a year or more 108 


Poor or only fair control (4 cases). 
Total number of attacks < 50, 
having attacks more often than 


once per month 82° 
* p< 05 
77 2 < OA 


significant difference between the mean CBF 
of those with pure grand mal epilepsy of 
100 cc./100 gm./min. and 86 cc./100 gm./ 
min. of the remainder of children with petit 
mal, akinetic, and mixed type of seizures, 
p > 0.2. 

The results of this study are consistent with 
the hypothesis that there are functional altera- 
tions of cerebral vasculature of epileptics, such 
as have been observed directly during crani- 
otomy.”! They also might be expected in epi- 
leptic individuals with local cerebral scars, 
the histology of which have been described.5-* 
Penfield’ also has described focal atrophic 
scars which he considered epileptogenic be- 
cause of the electrical hyperexcitability of neu- 
ral tissue on their periphery, the central por- 
tions being avascular and having a low oxygen 
tension. If such lesions were present in the 
individuals studied here, the oxygen consump- 
tion of the brain might also be depressed, in 
addition to the lowering of CBF. However, 
the observation that functional alteration of 
the brain under moderate hypoxia is observed 


CVR, mm. Hg 
cc./100 gm./min. 


CMRO. 
cc./ 100 gm./min. 


in the absence of a fall in CMRO,”* indicates 
that this need not necessarily be the case. 
It is of interest that in case 12, who suffered 
focal attacks and had evidence of localized 
cerebral atrophy in his pneumoencephalogram, 
the CBF was among the lowest of all the epi- 
leptic children. This would suggest that func- 
tional impairment of CBF may take place ever 
a much greater portion of brain substance than 
is evident by pneumoencephalography from 
a grossly demonstrable region of atrophy. 
Carbon dioxide content of arterial and jug- 
ular venous blood was found by Gibbs** to 
vary over a wider range in epileptics in the 
interseizure period than in normal individuals. 
Those prone to petit mal attacks were found 
to have a low blood carbon dioxide content, 
while those with generalized seizures had ele- 
vated values. These findings are not confirmed 
in the present study. Not only is there no 
tendency for a grouping of the two seizure 
types at either extremes, but the variance of 
both arterial and jugular venous carbon diox- 
ide content of the epileptics is not significantly 


TABLE 5 
EFFECT OF DIPHENYLHYDANTOIN ON CEREBRAL CIRCULATORY FUNCTIONS 
IN FOUR EPILEPTIC CHILDREN 





CBF 

Subject cc./100 gm./min. 

Cc E 
R.A. (case 8) 77 94 
Waa 105 117 
D.S. (case 1) 91 108 
B.N. 65 90 
Mean 84.5 102.3° 


p < 0.01 as determined by the method of paired comparisons. 


CMRO, CVR, mm. Hg 
cc./100 gm./min. cc./100 gm./min. 
Cc E Cc E 
5.0 5.2 LJ 9 
6.1 5.4 a 6 
4.9 6.0 = 8 
3.4 4.2 - 8 
4.85 5.20 90 17 
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greater than that of the normal children, the 
Pp value being > 0.2 in each instance. Also, 
the mean carbon dioxide tension of arterial 
and jugular venous blood, which may be more 
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directly related to alterations in CBF,** is not 
significantly different from normal. 
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N-mythelated derivatives of barbituric 


acid, hydantoin and oxazolidinedione 


used in the treatment of epilepsy 


Thomas C. Butler, M.D., and William J. Waddell, M.D.° 


THE pRuGs used most extensively at the pres- 
ent time in the treatment of epilepsy are de- 
rivatives of the three related heterocyclic struc- 
tures, barbituric acid, hydantoin, and 2,4-ox- 
azolidinedione. Some workers in the field have 
been of the opinion that substitution of a 
methyl group on nitrogen in these structures 
specifically enhances antiepileptic activity rela- 
There 
five such methylated compounds commercially 


tive to undesirable actions. are now 
available in this country for use in epilepsy. 
Two are derivatives of barbituric acid: mepho- 
barbital (Mebaral), which is the N-methyl 
derivative of phenobarbital, and metharbital 
(Gemonil), which is the N-methyl derivative 
of barbital. One is a derivative of hydantoin: 
Mesantoin, which is the N-methyl derivative 
of Nirvanol. Two are derivatives of 2,4-oxazol- 
idinedione: trimethadione (Tridione), which is 
the N-methyl derivative of 5,5-dimethyl-2,4- 
oxazolidinedione (to be designated DMO), 
and paramethadione (Paradione), which is the 
N-methyl derivative of 5-ethyl-5-methyl-2,4- 
oxazolidinedione (to be designated EMO). 
All of these methylated compounds are de- 
methylated in the body. Mephobarbital is 
converted to phenobarbital.':? Metharbital is 
converted to barbital.'-? Mesantoin is convert- 
ed to Nirvanol.*4 
to DMO.*.7 Paramethadione is converted to 
EMO.* Ultraviolet spectrophotometric meth- 
ods have been devised for the analytic deter- 
mination of the demethylated products in 
plasma. With the hydantoins and oxazolidin- 
ediones only the non-methylated compounds 
can be determined, but with the barbituric 
acids the methylated and non-methylated com- 
pounds can be determined simultaneously. 
These analytic methods have made it possible 
to study quantitatively the course of the de- 
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methylation reaction and to estimate the ex- 
tent of the reaction. When single doses of the 
methylated drugs are administered to dogs, 
demethylation requires one to two days for 
However, the products of de- 
methylation are eliminated very slowly and 


completion. 


they persist in the plasma long after the parent 
drugs have disappeared. Estimates of the ex- 
tent of demethylation based on the plasma 
concentrations of the products indicate that 
all of the methylated drugs mentioned above 
are converted almost completely by the dog to 
the corresponding non-methylated compounds. 

Although demethylation proceeds at a slow 
rate, the demethylated product is eliminated 
at an even slower rate. Accordingly, admin- 
istration of a methylated drug in a chronic 
schedule will result in more extensive accu- 
mulation of the demethylated product than of 
the original drug. The present report presents 
measurements of the concentrations of de- 
methylated products in the plasma of human 
subjects receiving the methylated drugs in 
chronic dosage schedule, concluding with an 
attempt to assess the importance of the de- 
methylated products in the therapeutic and 
toxic effects seen after administration of the 
methylated drugs. 


MEPHOBARBITAL 


Figure 1 shows the concentrations of un- 
changed mephobarbital and of phenobarbital 
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in the plasma of a man who received mepho- 
barbital for 14 days. Phenobarbital accumu- 
lated in concentrations much higher than those 
of the unchanged methylated drug. Similar 
results were obtained in two other subjects 
who received mephobarbital in the same dos- 
age schedule. In none of the three subjects 
was the highest observed mephobarbital con- 
centration as much as 30 per cent of the high- 
est phenobarbital concentration. 

For these three subjects estimates have been 
made of the amount of the total administered 
dose of mephobarbital that can be accounted 
for on the day after dosage was discontinued. 
The amounts of mephobarbital and pheno- 
barbital present in the body at that time were 
estimated from the plasma concentrations, on 
the assumption that the apparent volumes of 
distribution have the same values as those pre- 
viously measured in the dog.? The amount of 
phenobarbital lost by excretion and chemical 
destruction prior to that time was estimated 
from the rate of decline of the plasma con- 
centration in each subject after discontinua- 
tion of dosage. The assumption was made that 
the rate of elimination of phenobarbital is 
proportional to the plasma concentration pres- 
ent at the time. This has been shown to be 
approximately true.® Only traces of unchanged 
mephobarbital appear in the urine and _ this 
was neglected. In all of the three subjects 
the sum of the amount of mephobarbital in 
the body, the amount of phenobarbital in the 
body, and the amount of phenobarbital lost 
from the body was equivalent to 50 to 60 
per cent of the administered dose of mepho- 
barbital. These estimates are rough, but it 
seems clear that a large part of the dose of 
mephobarbital is unaccounted for. It is either 
unabsorbed or is destroyed by reactions other 
than demethylation. In the dog it has been 
shown that intravenously administered mepho- 
barbital is almost completely converted to phe- 
nobarbital, with little, if any, undergoing any 
other reactions.? Also in the dog, orally ad- 
ministered mephobarbital gives plasma con- 
centrations of phenobarbital about half those 
resulting from orally administered phenobar- 
bital in equivalent dosage. Mephobarbital is 
evidently incompletely absorbed by the dog, 
and there is little doubt that the amount un- 
accounted for in these three human subjects 
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Fic. 1. 
changed mephobarbital in the plasma of a 72 kg. 
man who received 0.2 gm. of mephobarbital three 


Concentrations of phenobarbital and of un- 


times a day for 14 days. The bar indicates the pe- 
riod in which the drug was administered. 

Fic. 2. Concentrations of phenobarbital and of un- 
changed mephobarbital in the plasma of a 58 kg. man 
who received 0.2 gm. of mephobarbital three times a 
day for five days. The bar indicates the period in 
which the drug was administered. 


was unabsorbed. The doses of mephobarbital 
usually recommended are about double those 
of phenobarbital. This would suggest that in- 
complete absorption of mephobarbital, such 
as was found in these three men, is the typ- 
ical pattern. The poor absorption of mepho- 
barbital may be due to low solubility in water. 
The solubility of mephobarbital in water is 
only about one-twentieth that of phenobar- 
bital. 

In one other human subject the plasma con- 
centrations of unchanged mephobarbital were 
considerably higher than in the three subjects 
described above. Depression was so _pro- 
nounced in this subject that the drug was 
discontinued after ten days. The experiment 
was repeated in the same man a year later. 
On this occasion dosage was discontinued 
after five days because of depression. The 
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plasma level of mephobarbital reached in the 
second experiment was almost the same as 
in the first. Figure 2 shows the plasma con- 
centrations of mephobarbital and of pheno- 
barbital found in the second experiment. In 
both experiments on this subject nearly all 
of the administered dose could be accounted 
for as mephobarbital in the body, phenobar- 
bital in the body, and phenobarbital lost from 
the body. This subject had higher concentra- 
tions of mephobarbital than the other three, 
not because of any defect in his capacity to 
demethylate the drug, but because he ab- 
sorbed it much more completely. Mephobar- 
bital was being absorbed at a rate exceeding 
that at which it could be demethylated, and 
it accumulated at high levels. 

No reason is apparent why one subject 
should absorb mephobarbital completely and 
others to only about half that extent. What 
proportion of the population absorbs the drug 
completely, like the subject of figure 2, is not 
known. On the basis of plasma concentra- 
tions, mephobarbital appears to be one and 
one-half to two times as active a depressant 
of the central nervous system as is phenobar- 
bital in the dog.” Differences in the extent of 
absorption of mephobarbital might be expect- 
ed to result in large differences in the de- 
pressant effects. Variations from individual to 
individual in completeness of absorption, and 
consequently in the intensity of depressant 
effects, would be an undesirable feature of 
the use of mephobarbital. 


METHARBITAL 


Figure 3 shows the plasma concentrations 
of unchanged metharbital and of the barbital 
produced from it in a sv:dject who received 
metharbital for 14 days. Similar results were 
obtained in three other subjects who were 
given the drug in the same schedule. In none 
of the four subjects did the concentration of 
unchanged methylated drug ever exceed 20 
per cent of the highest concentration to which 
barbital finally accumulated. 


MESANTOIN 


The analytic method that has been devel- 
oped allows the determination only of the 
product of demethylation, Nirvanol, but not 
of the original methylated drug. Figure 4 


shows the accumulation of Nirvanol in the 
plasma of a man who received Mesantoin for 
14 days. If the apparent volume of distribu- 
tion of Nirvanol is the same as in the dog,5 
the amount of Nirvanol remaining in the body 
at the time of the highest concentration is 
equivalent to about a third of the adminis- 
tered dose of Mesantoin. If allowance is made 
for the loss of Nirvanol before that time, it 
may be inferred that the concentration of un- 
changed Mesantoin present at any time must 
be much lower than the concentration to which 
Nirvanol accumulates in a chronic dosage 
schedule. 


TRIMETHADIONE 


Figure 5 shows the concentrations of de- 
methylated (DMO) in the 
plasma of a man who received trimethadione 
for six days. The metabolic product, but not 
the original drug, can be measured with the 
analytic method used. The concentration of 
DMO in the plasma continued to rise through- 
out the period of administration and during 


trimethadione 


the day after dosage had been discontinued. 
Thereafter, the elimination of DMO proceed- 
ed with remarkable slowness. The proportion 
disappearing daily was about 6 per cent. DMO 
is among the most persistent of all organic 
compounds hitherto studied. 

If the apparent volume of distribution of 
DMO is the same in man as in the dog,’ the 
total amount of DMO in the body of this sub- 
ject at the time of the highest concentration 
would correspond to about 85 per cent of the 
total dose of trimethadione received. The 
amount of DMO estimated to have been lost 
before the attainment of the peak concentra- 
tion almost exactly accounts for the remainder 
of the dose. Accordingly, it can be concluded 
that trimethadione was almost completely con- 
verted to DMO by this man, and that after 
several days of dosage the amount of un- 
changed trimethadione in the body at any time 
could not have been more than a small frac- 
tion of the amount of DMO present. 

Four years after this experiment, the same 
man was given the same molar dose of DMO 
itself in the same schedule. The plasma con- 
centrations of DMO found in this experiment 
are also shown in figure 5. For any value of 
DMO concentration during the period of ac- 
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Concentrations of barbital and of unchanged metharbital in the plasma of a 49 kg. man who re- 
ceived 0.1 gm. of metharbital three times a day for 14 days. 


The bar indicates the period in which the 


Concentrations of Nirvanol in the plasma of a 64 kg. man who received 0.1 gm. of Mesantoin three 
The bar indicates the period in which the drug was administered. 
Concentrations of 5,5-dimethyl-2,4-oxazolidinedione (DMO) in the plasma of a 75 kg. man when he 


received 0.3 gm. of trimethadione three times a day for six days (points designated by circles) and in the plas- 
ma of the same man when he received the same molar dose of DMO itself in the same schedule four years 
later (points designated by triangles). The bar indicates the period in which the drug was administered. 

Fic. 6. Concentrations of 5-ethyl-5-methyl-2,4-oxazolidinedione (EMO) in the plasma of two men who re- 
ceived 0.3 gm. of paramethadione three times a day for 14 days. The bar indicates the period in which the 


drug was administered. The men weighed 61 kg. (triangles) and 92 kg. (circles), respectively. 


Pharmacol. & Exper. Therap. 113:178, 1955). 


cumulation, the level was attained about a 
day sooner if DMO was administered than if 
trimethadione was administered. This differ- 
ence may be attributed to the time required 
for demethylation of trimethadione. Other- 
wise there is a very close correspondence be- 
tween the concentrations found in the two 
experiments, indicating that trimethadione is 
almost completely converted to DMO by man. 

The experiments of figure 5 were not con- 
tinued for a time long enough for equilibrium 
to be attained, that is, for DMO to reach a 
concentration where its rate of elimination 
would equal its rate of production or intake. 
It can be calculated that dosage for an indefi- 


(From J. 


nite time on the same schedule in this subject 
would have led to accumulation of DMO in 
a concentration about three times as high as 
those attained in these experiments. The con- 
centrations of DMO found in the plasma of 
patients receiving the usual doses of trimetha- 
dione or equivalent amounts of DMO have 
ranged between 200 and 950 mg. per I. The 
patient with the concentration of 950 mg. per 
l. showed no evidence of toxic effect. 


PARAMETHADIONE 


Paramethadione is the homologue of tri- 
methadione and is handled similarly by the 
body. In figure 6 are shown the concentra- 
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tions of the demethylated product (EMO) in 
the plasma of two men who received para- 
methadione for 14 days. EMO continued to 
accumulate during the period of drug admin- 
istration. The rate of disappearance of EMO 
from plasma, like that of DMO, is very slow. 
Calculation of the yield of EMO by the same 
method described above for DMO leads to the 
conclusion that paramethadione was practical- 
ly completely converted to EMO in these two 
subjects. It can also be concluded that chronic 
administration of paramethadione results in 
amounts of EMO in the body many times 
greater than the amount of unchanged para- 
methadione that can be present at any time. 


ROLE OF DEMETHYLATED PRODUCTS 
IN THERAPEUTIC AND TOXIC EFFECTS 


All five of these N-methyl derivatives of 
barbituric acid, hydantoin, and oxazolidinedi- 
one are extensively, perhaps essentially com- 
pletely, demethylated by man. When the meth- 
vlated drugs are administered in chronic sched- 
ule, there is in every instance direct or indirect 
evidence to indicate that the product of de- 
methylation accumulates in the body in an 
amount much greater than that of the original 
drug. The question then arises as to what ex- 
tent the demethylated products may be respon- 
sible for the therapeutic and toxic effects seen 
after administration of the methylated drugs. 

This is a question that can be answered only 
by trial in human epilepsy, not by tests in 
laboratory animals. It is true that the most 
valuable antiepileptic agents introduced in 
recent years have been discovered through 
laboratory tests, but there is no assurance that 
any laboratory procedure is such a satisfac- 
tory counterpart of any type of human seiz- 
ure that it can be relied upon to disclose ac- 
tivity in close correlation with activity in that 
type of human seizure. Furthermore, labora- 
tory testing has usually been done with acute 
dosage rather than with the chronic schedule 
used clinically. If a test is carried out on an 
animal shortly after administration of a single 
dose of one of these methylated drugs, there 
will be present in the body at that time a 
higher proportion of unchanged drug relative 
to demethylated product than will be present 
in a patient on a chronic dosage schedule. 
Thus, differences between the methylated and 


non-methylated drugs as observed in anticon- 
vulsant tests in laboratory animals are of du- 
bious significance. 

Some of the demethylated products are 
known to be clinically effective antiepileptic 
agents, but little is known of the efficacy of 
some of the others. Best recognized is the 
effectiveness of phenobarbital, the product of 
demethylation of mephobarbital. Barbital, the 
product of demethylation of metharbital, is 
generally considered to be ineffective in epi- 
lepsy and it has had little, if any, trial in recent 
years. However, there have been reports of 
effective control of seizures with barbital.1°.™ 
Nirvanol, the product of demethylation of 
Mesantoin, was shown to be a clinically effec- 
tive antiepileptic agent.’?-3_ It was abandoned 
for this use on account of toxicity, not because 
of inactivity. There has, as yet, been no ade- 
quate clinical trial of the non-methylated ox- 
azolidinediones, but in one case of petit mal 
epilepsy now being treated with DMO by Dr. 
Harrie R. Chamberlin, the drug has appeared 
to be effective. Thus, all of the demethylated 
products under consideration are either defi- 
nitely known to be effective or can be reason- 
ably presumed to have some degree of effec- 
tiveness in human epilepsy. There can be little 
doubt that they must play at least some part 
in the therapeutic effects seen after adminis- 
tration of the methylated drugs. Unless the 
methylated drug possesses some specific type 
of activity lacking in the demethylated prod- 
uct, or unless its activity is very much higher 
than that of the product, the relatively small 
amount of unchanged drug could not be re- 
sponsible even for a major part of the thera- 
peutic effect. There is at present no satisfac- 
tory evidence that the methyl group on nitro- 
gen greatly enhances activity or confers quali- 
tatively different activity in human epilepsy. 
It is true that there have been some reports 
that mephobarbital is qualitatively superior to 
phenobarbital in the control of some types of 
seizures, but the evidence is not convincing. 
Evaluation of the therapeutic role of the un- 
changed form of a methylated drug would re- 
quire a statistically controlled comparison of 
the methylated drug with the corresponding 
non-methylated compound in regard to their 
effectiveness in suppressing human seizures. 
No study adequately designed to satisfy the 
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statistical requirements of such a controlled 
comparison has as yet been carried out for 
any one of the pairs of compounds that have 
been considered here. There is at present no 
convincing evidence that the therapeutic ef- 
fects of this group of methylated drugs can- 
not be accounted for, in large part at least, 
as the actions of the demethylated products. 
This is not to imply that the methylated com- 
pounds are inactive. Even if they were some- 
what more active than the corresponding non- 
methylated compounds, they might, neverthe- 
less, play a minor therapeutic role because of 
the relatively small amounts in which they are 
present in the body. 

The demethylated products undoubtedly 
make an important contribution to the un- 
desirable effects as well as to the therapeutic 
effects when methylated drugs are adminis- 
tered. No statistically adequate comparison 
has been made of any of these pairs of drugs 
in regard to their undesirable effects. This is 
particularly true with respect to drowsiness 
and other psychic effects. Such effects are ill- 
defined and subject to influence by suggestion, 
and their evaluation has amounted to little 
more than vague impressions on the part of 
patient and physician. For instance, claims 
have been made that mephobarbital in thera- 
peutically effective dosage produces less drow- 
siness than does phenobarbital, but the evi- 
dence for such claims cannot withstand crit- 
ical scrutiny. 

Thirty years ago Nirvanol was generally con- 
sidered too dangerous to be useful in epilepsy, 
and in a recent evaluation of antiepileptic 
drugs,'* Nirvanol is tabulated as being too 
toxic for clinical use. It has been stated!® that 
Mesantoin produces rashes in a much lower 
proportion of patients than does Nirvanol. This 
conclusion is not supported by the literature. 
The reputation of Nirvanol for toxicity stems 
from its use in chorea in children on a dosage 
schedule that resulted in rashes in almost all 
patients. In adults receiving doses such as 
would be used in epilepsy, the incidence of 
rashes was much lower. There has been no 
direct comparison of Mesantoin and Nirvanol 
in the same type of patient and in the same 
dosage. For the most part the reactions that 
have occurred with Mesantoin are reminiscent 
of the earlier reports of Nirvanol toxicity. It 
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is difficult to believe that Nirvanol produced 
in the body from Mesantoin should be any less 
likely to evoke a hypersensitivity reaction than 
the same amount of Nirvanol administered as 
such. 

One patient receiving DMO has experi- 
enced photophobia of the same type that oc- 
curred when he was taking trimethadione sev- 
eral years before. This characteristic toxic re- 
action to trimethadione may then be produced 
entirely or in large part by the metabolic prod- 
uct. No other toxic reactions have as yet been 
observed in the small number of patients who 
have received DMO. 

From the evidence now available, it appears 
dubious whether anything is accomplished 
therapeutically by administration of one of 
these methylated drugs that cannot be accom- 
plished by administration of the non-methylat- 
ed compound into which it is converted in the 
body. Neither is there convincing evidence 
that the use of the methylated drugs permits 
a lower incidence of toxic reactions. Whether 
these methylated drugs offer anything more 
in practical therapeutics than a devious and 
expensive means of administering the corre- 
sponding non-methylated compounds can well 
be questioned. 


SUMMARY 


Through metabolic demethylation mepho- 
barbital (Mebaral) is converted to phenobar- 
bital, metharbital (Gemonil) to barbital, Me- 
santoin to Nirvanol, trimethadione (Tridione) 
to 5,5-dimethyl-2,4-oxazolidinedione (DMO), 
and paramethadione (Paradione) to 5-ethyl- 
5-methyl-2,4-oxazolidinedione (EMO). These 
metabolic conversions are almost complete in 
man. When the methylated drugs are admin- 
istered in the chronic schedules used clinically, 
the products of demethylation accumulate in 
the body in amounts much greater than those 
of the original drugs. The roles of the demethy- 
lated products in therapeutic and toxic effects 
are discussed, and the question is raised 
whether for practical purposes the clinical use 
of one of these methylated drugs amounts only 
to a devious means of administering the cor- 
responding non-methylated compound. 


The authors are indebted to the staffs of the North Caro- 
lina State Hospitals at Butner and Raleigh for their co- 
operation in making patients available for these studies. 
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metabolism in brain as 


Relation between excitability and 


elucidated by anticonvulsant drugs 


Dixon M. Woodbury, Ph.D., Alan Koch, Ph.D. and 
Antonia Vernadakis, M.S. 


THE series of experiments reported here was 
designed to evaluate the in vivo effects of two 
anticonvulsant drugs, acetazoleamide (Dia- 
mox) and diphenylhydantoin (Dilantin), on 
electrical excitability, electrolyte and acid- 
base status, and amino acid metabolism of 
the cerebral cortex of rats. 

A summary of the effects of these two drugs 
on various experimentally-induced seizures in 
rats is presented in table 1. Both agents ele- 
vate electroshock seizure threshold to the same 
extent. Both drugs protect against maximally 
induced seizures in extremely low doses, al- 
though acetazoleamide is slightly more potent. 
However, against the clonic seizures induced 
by abrupt withdrawal of rats from 35 to 50 
per cent concentrations of carbon dioxide, 
there is a marked difference between the two 
drugs. This difference gives some insight into 
the mechanisms of their anticonvulsant ac- 
tion. Diphenylhydantoin protects against with- 
drawal seizures only in toxic doses, and lower 
doses actually enhance such seizures. In sharp 
contrast, acetazoleamide protects against car- 
bon dioxide-induced withdrawal seizures in 
low doses. Previous studies! have indicated 
that withdrawal seizures are due to a rapid 
influx of sodium into brain cells, concurrent 
with the rapid loss of carbon dioxide from the 
brain. Therefore, one might anticipate that 
any procedure or drug which prevents such 
seizures might act by slowing the rate at 
which sodium enters the cells, thus prevent- 
ing the rapid depolarization which induces 
seizures. Acetazoleamide is such a drug. On 
the other hand, a compound such as diphenyl- 
hydantoin, which enhances seizures under 
these conditions, might also enhance the rate 
of entrance of sodium into the cells. Tie fol- 
lowing data offer additional evidence for this 
concept of the action of anticonvulsant drugs. 





The effects of acetazoleamide and dipheny]l- 
hydantoin on electrolyte and acid-base me- 
tabolism of the brain are depicted in figure 1. 
Both drugs markedly decreased intracellular 
sodium concentration?-? (based on chloride 
space as a measure of extracellular fluid space 
of brain), and thereby increased the ratio of 
extracellular to intracellular sodium concen- 
tration. Although diphenylhydantoin did not 
significantly change the ratio of intracellular 
to extracellular potassium in brain, acetazole- 
amide significantly increased this ratio. Di- 
phenylhydantoin decreased cellular total car- 
bon dioxide concentration, calculated as a de- 
creased intracellular bicarbonate concentra- 
tion and pH. Acetazoleamide increased brain 
cellular total carbon dioxide concentration. 
Since the inhibition of carbonic anhydrase by 
acetazoleamide slows the approach to equi- 
librium of the hydration reaction of carbon 
dioxide, the calculation of pH by the Hen- 
derson-Hasselbach equation (which assumes 
the presence of equilibrium conditions) may 
not be valid. Hence the observed increase in 
cellular total carbon dioxide may then actu- 
ally indicate a local increase in carbon dioxide 
concentration, which probably accounts for the 
anticonvulsant effects of acetazoleamide.*® 

Since both diphenylhydantoin and acetazo- 
leamide decrease intracellular sodium concen- 
tration, it was of interest to test the effects 
of these agents on the uptake of radiosodium 
(Na?2) by brain cells. The results are shown 
in figure 2. The ordinate is the relative spe- 
cific activity (tissue $.A./plasma S.A.) and the 
abscissa is time in hours. Diphenylhydantoin 
increased the uptake of radiosodium,? where- 
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TABLE 1 
EFFECT OF DIPHENYLHYDANTOIN AND ACETAZOLEAMIDE ON ELECTRIC ALLY-INDUCED 
SEIZURES AND ON CQ.-INDUCED WITHDRAWAL SEIZURES.*® 


Maximal 
Electroshock 
Seizures 
EDs 


Treatment mg./kg. 


9.0 (7.4-10.0) 
2.0 (1.6-2.4) 


Diphenylhydantoin 


Acetazoleamide 


®The values in parentheses are 95 per cent confidence limits. 


as acetazoleamide decreased such uptake,* as 
The acetazole- 
amide-treated rats were nephrectomized in or- 


compared with the controls. 


der to avoid the effects of this drug on the 
kidney; hence the relative specific activity is 
lower than that in the diphenylhydantoin- 
treated group. 

The fact that the increased turnover of ra- 
diosodium induced by diphenylhydantoin is 
accompanied by a decreased intracellular so- 
dium concentration can be interpreted to mean 
that this agent enhances the active extrusion 
of sodium from brain cells, and thereby lowers 
intracellular brain sodium concentration. In 
contrast, the decreased turnover of radiosodium 
and decreased intracellular sodium concentra- 
tion induced by acetazoleamide can be inter- 
preted to mean that this agent decreases the 
influx of sodium into brain cells and thereby 
decreases intracellular sodium concentration. 
This decrease in sodium concentration in cells 
is probably the basis for the general anticon- 
vulsant action of these agents. Thus, the ef- 
fect of acetazoleamide to protect against car- 
bon dioxide-induced withdrawal seizures can 
be explained by its ability to decrease permea- 
bility to sodium, and the ability of diphenyl- 
hvdantoin to enhance such seizures can be ex- 
plained by the increased turnover of sodium 
produced by this agent. 

Some recent studies*“* have implicated the 
glutamic acid-glutamine and aspartic acid- 
asparagine systems in electrolyte transport in 
brain tissue. Therefore, the effects of diphenyl- 
hydantoin and acetazoleamide on concentra- 
tions of free amino acids in brain were deter- 
mined. The results are depicted in figure 3. 
Acetazoleamide produced a non-specific in- 
crease in the concentrations of most of the 
amino acids studied. Glutamic and aspartic 
acid concentrations were increased, as were 


Electroshock CO.- 
Seizure Withdrawal 
Threshold Seizures 
% Increase ED» 
Acute Chronic mg./kg. 
12 18 > 150 
11 14 10 


also glutamine and asparagine concentrations. 
The changes in free amino acids seem to be 
related to the accumulation of carbon dioxide 
produced by the drug. In contrast, however, 
diphenylhydantoin decreased glutamic and as- 
partic acid concentrations and increased gluta- 
mine and asparagine concentrations. The con- 
centrations of other amino acids were un- 
changed with the exceptions of histidine, ar- 
ginine, and lysine which were decreased, and 
gamma-aminobutyric acid which was _ in- 
creased. Inasmuch as the changes in amino 
acids induced by diphenylhydantoin seem to 
be specifically related to changes in the glu- 
tamic acid-glutamine and aspartic acid-aspara- 
gine systems, the active transport of sodium 
may be closely coupled to these systems. The 
effect of acetazoleamide to inhibit sodium in- 
flux into brain cells seems to be unrelated to 
amino acid changes, but to involve the enzyme 
carbonic anhydrase. 

Finally, the effects of diphenylhydantoin 
and acetazoleamide on brain sodium and po- 
tassium concentrations have been correlated 
with changes in the anion content in brain 
cells. The results are summarized in table 2. 
Two sets of controls are tabulated and _ the 
differences (/\) of the drug-treated rats from 
the appropriate controls are shown. Acetazole- 
amide increased the sum of sodium and po- 
tassium concentrations by 5.2 mM/kg. of cell- 
ular water. This increase was accounted for 
by the slight increase in bicarbonate and ex- 
cess amino acid anion concentrations. Thus, 
4.2/5.2 or 81 per cent of the increase in cat- 
ion induced by acetazoleamide corresponded 
to the increase in these cellular anions. In 
rats made tolerant to the anticonvulsant effects 
of acetazoleamide, the sum of sodium and 
potassium concentrations increased by 31.9 
mM/kg. cellular water, especially because of 
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the marked increase in cellular potassium con- 
centration. In these animals, one-half of this 
increase in cation or 15.3 mM _ corresponded 
to the increase in amino acid anion. Cellular bi- 
carbonate concentration remained unchanged 
and hence the remainder of the increment in 
anion presumably corresponded to an increase 
in protein anion. It is possible that this in- 
crease in protein is due to increased synthesis 
of carbonic anhydrase as tolerance develops. 
Diphenylhydantoin decreased the sum of so- 
dium and potassium concentrations in brain 
cells, because of the reduction in intracellular 
sodium concentration. This decrease in cation 
was accompanied by a decrease in intracellu- 
lar bicarbonate concentration and a net de- 
crease in excess amino acid anion concentra- 
tion. The decrease in amino acid anion ac- 
counted for 3.7/4.0 or 93 per cent of the total 
cation decrease. Thus, it is apparent that 
changes in total cation concentration in brain 
cells are controlled, to a large extent, by 
changes in free amino acid concentrations of 
the brain cells. The concentration of potas- 


sium in brain cells seems to be closely related 
to the pH of brain cells. For example, in di- 
phenylhydantoin-treated rats, there is an in- 
crease in hydrogen ion concentration (de- 
creased pH) with no change in potassium con- 
centration in brain cells, despite the fact that 
sodium concentration is decreased. The con- 
stancy of cellular potassium, as cellular sodium 
decreases, can be explained by the fact that 
total anion is decreased. One might predict 
that the loss of sodium and potassium would 
be in proportion to their concentrations in 
brain cells and, since potassium is present in 
higher concentration in cells, it should be lost 
to a greater extent. Inasmuch as diphenylhy- 
dantoin also activates the sodium pump, the 
entire decrease in cellular cation is accounted 
for by the increase in sodium efflux. The con- 
stancy of potassium results from the algebraic 
summation of two opposing tendencies, the 
metabolic acidosis and concomitant decrease 
in anion which tend to decrease total cation 
concentration and the active extrusion of so- 
dium from brain cells which tends to increase 
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COMPARISON OF THE EFFECTS OF DIPHENYLHYDANTOIN AND ACETAZOLEAMIDE 


TABLE 2 


IN RATS MADE TOLERANT 


TO ACETAZOLEAMIDE, ON THE SUM OF SODIUM AND POTASSIUM CONCENTRATIONS IN BRAIN CELLS, AND ON 
HCO; AND EXCESS FREE AMINO ACID ANION CONCENTRATIONS IN BRAIN CELLS® 


BRAIN INTRACELLULAR CONCENTRATION mM/Kg. CELLULAR WATER 


















































GLUTAMIC] [ARGININE EXCESS] |EXCESS AMINO] [No +K]- 
TREATMENT , + + ACID ANION | [Ex 
Na+K | HCO3 |! aspartic | — HISTIOINE] = | ANNO z one 
— | LYSINE ANION HCO3 HCO3] 
CONTROL I 198.3 | 15.3 22.7 5.4 17.3 32.6 165.7 
ACETAZOLEAMIDE| 203.5 | 166 29.4 9.2 20.2 36.8 166.7 
a 
FROM satan +5.2 +1.3 +67 +3.8 +2.9 +4.2 +1.0 
TOLERANT 
230.2] 160 | 381 5.5 32.6 48.6 181.6 
ACE TAZOLEAMIDE 
a 
FROM CONTROL | +31.9 | +0.7 | +15.4 +0.1 +15.3 +16.0 +15.9 
I 
CONTROL I | 1937 | 135 24.8 10.5 14.3 27.8 165.9 
DIPHENYL - 
nares i897 | 12.8 18.1 7.5 10.6 23.4 166.3 
4 
FROM GONTROL | -4.0 | -o7 | - 67 -3.0 -3.7 -4.4 +0.4 

















*Calculations of intracellular HCO, concentration were based on the method of Wallace and Hastings.* 


potassium concentration.*? Acetazoleamide, in 
contrast, increases amino acid anion to a great- 
er extent than it decreases intracellular sodium 
concentration and, as a result, the drug in- 
creases potassium concentration in brain cells. 

Potassium concentration in brain cells seems 
to be regulated by two factors: 1) the total 
anion content of the cell, which may vary con- 
siderably and is dependent on the cellular pH 
as well as on the metabolic processes which 
affect the concentrations of free acidic and 
basic amino acids and on the concentration of 
bicarbonate in brain cells, and 2) the coupling 
of potassium movement to active sodium trans- 
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Sound-induced seizures in animals 





Cary Suter, M.D., Walter O. Klingman, M.D., 
O. W. Lacy, Ph.D., Dane Boggs, M.D., 
Richard Marks, B.A. and Carl B. Coplinger, B.A. 


SOUND-INDUCED SEIZURES in animals have been 
observed and reported from time to time,’’* but 
only recently have they been studied extensive- 
ly and methods devised to produce them con- 
sistantly in a large percentage of a group of 
animals. Despite the fact that approximately 
250 reports concerning sound-induced seizures 
have appeared during the past 20 years, the 
phenomenon has attracted relatively little at- 
tention from physicians and medical investi- 
gators, perhaps because most of the reported 
studies have appeared in psychologic journals. 
The research possibilities of sound-induced 
seizures in relation to seizure states in man 
have been further obscured because many re- 
ports have been concerned with the attacks 
as a supposed abnormal or neurotic form of 
behavior,* and another group of reports has 
considered them primarily as incidental to 
dietary deficiencies of certain substances such 
as magnesium.* Fortunately, for anyone desir- 
ing a familiarity with the subject, two excellent 
reviews have appeared, one by Finger’ cover- 
ing the literature up to 1947 and one by 
Bevan" covering the literature from 1947 to 
1954. 

With the methods presently available, con- 
vulsive seizures can be produced consistantly 
in 80 to 100 per cent of a group of animals. 
The procedures for accomplishing this are rela- 
tively simple. In our studies we have used two 
methods: 1) selection of a strain of animals 
with a high degree of susceptibility to sound- 
induced seizures on an hereditary basis, and 
2) production of sensitivity to sound-induced 
seizures by creating a magnesium deficiency. 


HEREDITY AND SOUND-INDUCED SEIZURES 


A number of investigators have observed 
that strains of rats vary in their sensitivity to 
sound-induced seizures, some strains showing 
no convulsions and some strains showing up 
to 50 or 60 per cent response.7:§ As yet no one 
has developed and maintained a strain of rats 
bred for this purpose alone, but certain recog- 
nized strains are rather high in seizure re- 
sponse. Recently, in testing various strains of 
rats, investigators at the National Institutes of 


Health have found about 50 per cent suscepti- 
bility in an albino strain M-520. 

Strains of mice with higher susceptibility 
have been found® and one of these, the DBA/2 
strain, shows 90 to 100 per cent response. This 
is a highly inbred strain of mice which has 
been carried through well over 200 generations 
of brother-sister mating beginning in 1909. 
This strain is now maintained at the Roscoe B. 
Jackson Memorial Laboratory in Bar Harbor, 
Maine and is available for investigators. In this 
strain occurence of seizures varies with age, 
beginning around 20 days and reaching a peak 
at 30 days. Vicari’® has studied this variation 
in response with age in 5,297 mice and the 
results are shown in figure 1. In DBA/2 mice 
shipped from Bar Harbor to our laboratory in 
Charlottesville, Virginia, seizures can be con- 
sistantly reproduced and we have seen little 
difference in males and females. A summary of 
seizures upon first stimulation in 428 mice used 
as controls in our laboratory experiments dur- 
ing 1955 is shown in Table 1. Not all of these 
animals were tested during their period of 
highest response. 

In mice of the DBA/2 strain the seizures 
often result in death, apparently from respira- 
tory paralysis. This is probably a separate 
genetically determined characteristic but is 
useful as an additional method of grading the 
effects of drugs or other agents. This charac- 
teristic limits the usefulness of this strain for 
any experiment where repeated tests are neces- 
sary. Rats seldom die after sound-induced 
seizures and, therefore, the same animal can be 
used repeatedly. At present there is a definite 
need for a strain of rats with as high a suscepti- 
bility to sound-induced seizures as the DBA/2 
strain of mice. Development of such a strain of 
rats would make both chemical and electrical 
study of brain activity easier because of the 
larger size of the animal. Also, studies of re- 
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TABLE 1 
INCIDENCE OF SEIZURES IN 428 DBA/2 MICE 
USED AS CONTROLS 








No. of 
Total Sex Seizures % Seizures % Deaths 
428 M&F 345 806 31.1 
215 M 177 82.3 30.7 
213 F 168 78.9 31.5 


peated convulsions could be made since it is 
unlikely that seizures would be fatal in the rats. 


MAGNESIUM DEFICIENCY AND SOUND- 
INDUCED SEIZURES 

The observation that magnesium deficiency 
produces convulsions in various animals has 
been made by a number of investigators.1!-1* 
Seizures occur spontaneously if the deficiency 
is severe enough but before this point is reached 
the animals show a greatly increased sensitivity 
to induction of seizures by sound stimulation. 
In our studies we have produced magnesium 
deficiency in rats for the dual purpose of study- 
ing the effects of electrolyte changes on brain 
function and of assessing the efficacy of anti- 
convulsant drugs. Magnesium deficiency can be 
produced rather easily if the restriction of 
magnesium is begun during the period of 
growth, when it appears the demands for mag- 
nesium are increased. Production of a high 
degree of susceptibility to sound-induced seiz- 
ures in rats on a magnesium deficient diet is 
demonstrated in figure 2. 

It is possible that a species difference and 
also a strain difference in susceptibility to mag- 
nesium deficiency exist. In our laboratory we 
have been able to produce the syndrome in 
both albinos and hooded rats. Also, DBA/2 
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mice put on a magnesium deficient diet after 
they have become older and lost their natural 
susceptibility to sound-induced seizures once 
again become susceptible to sound-induced 
seizures. Others have reported producing 
seizures in golden hamsters by magnesium 
deficiency."* 


METHODS 


Diet. In our studies we have used a diet 
essentially like that of Kruse, Orent, and Mc- 
Collum.* This diet contains approximately 1.0 
mg. magnesium per 100 gm. 

Ingredients: 


*Starch 560 grams 


Casein ( purified ) 200 grams 
Calcium carbonate 15 grams 
Potassium chloride 10 grams 
Sodium bicarbonate 7 grams 
Ferric ammonium sulfate 5 grams 
Sodium chloride 5 grams 
Viosterol 15 drops 


Nucoa 
Potassium phosphate 
**Alcohol (extract of yeast 


80 grams 
17 grams 
100 ml. 





®*The starch (Argo) must first be made magnesium-free. 
This is done by adding 2,000 ml. of 5 per cent HCI to 
1 pound of starch. (To prepare 5 per cent HC1 add 88 
ml. of concentrated HC1 to 1,912 ml. of distilled water.) 
Mix with starch. After the starch has settled, the super- 
natant is drawn off and the starch is washed with dis- 
tilled water. The washing process is repeated until the 
starch has been washed three times with distilled water. 
The starch is then poured onto trays placed in front of a 
fan or air conditioner and allowed to dry. 

°°To prepare the alcoholic extract of yeast, weigh out 150 
gm. of powdered yeast and add 825 ml. of 95 per cent 
alcohol and 675 ml. of distilled water. Mix and allow 
yeast to settle. Pour off supernatant extract for use in 
diet. 
The diet is poured onto trays and allowed to dry in front 
of a fan or air conditioner in the same manner as the 
starch. 
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Fic. 1. Effect of age on sound-induced convulsive seizures. 
Fic. 2. Seizure susceptibility in male albino rats on a magnesium deficient diet. Total number of subjects—170. 
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Apparatus. The apparatus used for sound 
stimulation is similar to that described by 
other investigators.° An electric doorbell is 
suspended in the center of a galvanized tub 15 
inches in diameter and 8 inches high and the 
tub set in sawdust for sound insulation in a 
plywood box (24 by 24 by 24 inches) with an 
observation window in the top. The animals 
are allowed complete freedom of movement 
within the tub. Stimulation consisted of ring- 
ing the bell for 60 seconds, the approximate 
sound level produced being 90 to 92 decibels. 


SEIZURE PATTERN 


The attacks are very similar in mice and 
rats and consist essentially of a period of wild 
and rapid running around the enclosure, fol- 
lowed by a tonic-clonic convulsion and then a 
period of recovery. Some animals run wildly 
but never convulse and this has been con- 
sidered part of the seizure by some observers. 
Animals protected by anticonvulsants do not 
show this running activity. At times there will 
be two periods of running, with the seizure 
following the second one. During the period of 
recovery the animal is usually in apparent 
coma for a short period and gradually returns 
to normal awareness and activity. During the 
period of recovery, flexibilitas cerea as well as 
attacks of furor have been observed. Death 
results in many of the mice, though occasion- 
ally this can be prevented by immediate arti- 
fical respiration. 

The running prior to the convulsion is such 
a common feature that many have considered 
it as a necessary prelude to the seizure and 
have reported that restraint of the animal to 
prevent running will prevent the convulsion.” 
This is a factor that needs further study, since 
it is difficult to understand how running could 
cause the attacks. We have made no large 
study of this factor, but we have produced con- 
vulsions followed by death in DBA/2 mice, 
despite the fact they were completely re- 
strained by binding the legs and body with 
adhesive tape. 

The tonic-clonic convulsion is similar in ‘all 
respects to that produced by electroshock or 
Metrazol and would seem to be a counterpart 
of a generalized convulsion or so-called grand 
mal seizure in man. Despite the large number 
of reports on sound-induced seizures, very 
few investigators have attempted to record 
EEG’s on the animals either between or dur- 
ing attacks, and these investigators differ as to 
whether a seizure discharge was recorded or 
whether the changes are simply movement and 
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muscle artifact."""* This aspect of the sound- 
induced seizures certainly needs further study. 


CHARACTERISTICS OF THE STIMULI 


All observers agree that mixed noise, such 
as that produced by a bell, jingling keys, or an 
air blast, is more effective in inducing seizures 
than any pure tones. Tones in the 8,000 to 
11,000 cps range appear to be the most effec- 
tive, but in some animals frequencies up to 35 
ke. have resulted in seizures.* Theoretically a 
mixed noise should stimulate more nerve fibers 
than a pure tone and thus lead to a greater 
total inflow of stimulus. There have been re- 
ports that a pure tone is more effective if it is 
interrupted. This suggests some similarity to 
the characteristics of photic stimulation in 
man, which is more effective as a flicker and 
perhaps more effective as total area of retina 
stimulated is increased. It would seem possible 
that sound in animals such as mice and rats 
and flickering light in humans both act to pro- 
voke convulsions by excitation of a so-called 
centrencephalic system. It is interesting that 
hereditary forms of photogenic epilepsy in 
man" have been observed, just as audiogenic 
seizures can be hereditary in animals. 
COMPARISON WITH EPILEPSY IN MAN 

There is always danger in carrying conclu- 
sions from the experimental animal to man. 
Nevertheless, sound-induced seizures in ani- 
mals can be hereditary. They show a marked 
change with age, reaching a peak at “ado- 
lescence” in the animal, and there is no evidence 
of any anatomic or structural basis for the 
attacks. Studies carried out in our laboratory" 
(to be reported separately) show that animals 
are protected from sound-induced seizures by 
the same drugs which are of proved value in 
control of epilepsy in man, and they are not 
controlled by other drugs which have not been 
effective in man. Thus in many ways sound- 
induced seizures in animals would seem to be 
comparable to the hereditary tvpe of so-called 
centrencephalic seizures in man. If this is true, 
then animals susceptible to sound-induced 
seizures constitute an important area of in- 
vestigation, offering both a means of testing 
drugs for anticonvulsant properties and also a 
means of investigating the chemical and meta- 
bolic processes involved.'*.?° 


SUMMARY 


The characteristics of sound-induced seizures 
in animals are described and methods for pro- 
ducing them consistantly are outlined. 
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Sound-induced seizures in animals resemble 


epilepsy in man in some respects, which offer 
an area of investigation that may reveal fac- 
tors which will be helpful in the understand- 
ing of this condition. 
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Sound-induced seizures in animals: 


The efficiency of certain anticonvulsants in 


controlling sound-induced seizures in 


DBA/2 mice 


Cary Suter, M.D., Walter O. Klingman, M.D., 
Dane Boggs, M.D., O. W. Lacy, Ph.D., 


Richard Marks, B.A.., 


Discovery and development of the large num- 
ber of anticonvulsant drugs now available for 
the treatment of epilepsy has been accom- 
plished primarily by empirical testing of drugs 
for anticonvulsant properties in experimental 
animals. A variety of procedures and animals 
have been used for this purpose,!-* but cer- 
tainly no one procedure can be expected to 
test all the anticonvulsant properties that 
might be of value in epilepsy in man. With 
the fairly recent introduction of the DBA/2 
strain of mice, 80 to 100 per cent of which 
are susceptible to sound-induced seizures, an- 
other assay method for evaluating the anti- 
convulsant properties of drugs has become 
available. 

We have carried out a series of studies to 
demonstrate the usefulness of DBA/2 strain 
of mice as an assay method for anticonvulsant 
drugs, and at the same time to determine the 
dimensions of action of three common anti- 
convulsants to serve as a baseline for evalua- 
tion of other drugs supposed to have similar 
properties. The drugs studied were sodium phe- 
nobarbital, diphenylhydantoin sodium (Dilan- 
tin), and trimethadione (Tridione); the study 
was designed to find for each drug the lowest 
dose giving 100 per cent protection from 
sound-induced seizures, the lowest dose pre- 
venting lethal seizures, the length of time the 
lowest effective dose gave protection, and the 
dose at which clinical signs of toxicity devel- 
oped. 


METHODS 


The DBA/2 mice used in this study were 
purchased from the Roscoe B. Jackson Mem- 
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orial Laboratory, Bar Harbor, Maine, and were 
between ages 28 to 35 days when tested. 
Approximately equal numbers of males and 
females were used, the data being analyzed 
separately for each sex; since no significant 
difference occurred in seizure frequency, the 
data are reported without sex differentiation. 
The average weight of the mice was 13.2 gm. 
All tests were carried out in the stimulus box 
which we have previously described® and test 
stimuli given for 60 seconds. All tests consti- 
tuted the first exposure to the auditory stimu- 
lus unless otherwise noted. No animal was 
considered to have had a seizure unless a gen- 
eralized tonic-clonic convulsion occurred. 

All medications were given intraperitoneally 
with a No. 25 needle. Sodium phenobarbital 
and diphenylhydantoin sodium were dissolved 
in distilled water and a commercial solution 
of trimethadione was used. Size of injections 
varied from 0.1 to 0.4 cc. All dosage was cal- 
culated in mg./kg., each group of mice being 
weighed separately and the average weight 
used for dosage calculation. 

To rule out the possibility that the trauma 

of injection alone might change seizure suscep- 
tibility, 36 mice were injected with 0.4 cc. 
normal saline, 35 mice had a dry needle in- 
troduced into the peritoneal space, and 39 had 
no injection. These groups were then tested 
for seizures with the following results: 
From the department of neurology and psychiatry, Univer- 
sity of Virginia School of Medicine, Charlottesville, Vir- 
by a grant (B-432) from the National Institute 
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Number Rats Per Cent Seizures 


Saline 36 80.6 
Dry needle 35 80.0 
No injection 39 87.2 

Total 110 82.7 


Calculation shows X? = .8418 which yields 
with 2 df, a P = 0.5. Hence injection alone 
was not considered a significant factor. 
SODIUM PHENOBARBITAL 

A total of 238 mice were divided into eight 
groups as follows: 


Dosage Number of Mice 
Group A 130 = mg./kg. 25 
Group B 65  mg./kg. 25 
Group C 32.5 mg./kg. 26 
Group D 16.25 mg./kg. 25 
Group E 8.13 mg./kg. 44 
Group F 4.06 mg./kg. 43 
Group G 2.03 mg./kg. 25 
Group H Control 25 


From figure 1 it is apparent that a dosage 
of 8.13 mg./kg. produced significant seizure 
protection and 16.25 mg./kg. produced 100 
per cent protection. Thus, it is assumed that 
the lowest 100 per cent effective dose lies 
between 8 and 16 mg./kg. The dosage of 
4.06 mg./kg. gave only slight seizure protec- 
tion, but no lethal seizures occurred. No ef- 
fect could be demonstrated for 2.06 mg./kg. 
Three observers evaluated signs of toxicity 
independently and agreed that those receiving 
130 mg./kg. were clearly toxic, all mice show- 
ing ataxia, lethargy, ruffled pelts, and dulled 
eyes. The most marked level of toxicity ap- 
peared at one hour following injection, and 
this was used as the optimal period between 
injection and stimulus for the other groups. 
The group receiving 32.5 mg. showed only 
slight reduction in in-cage activity, without 
other signs of toxicity. No toxic effects could 
be noted in the smaller dosages. 

The minimal protective dosage of 16.25 
mg./kg. was then given to four groups each 
composed of 20 mice. One group was sub- 
jected to stimulus at two hours, another at 
four, the third at eight, and the fourth at 24 
hours, with the results shown in figure 2. Sepa- 
rate groups were used in order to negate any 
effect on seizure incidence produced by re- 
peated stimulus. From these data it would 
appear that phenobarbital at a dose of 16.25 
mg./kg. affords complete protection through 
eight hours and that some protection against 


lethal seizures still exists 24 hours post-injec- 
tion. (The single seizure occurring at two 
hours in group 1 was ignored.) 


DILANTIN (DIPHENYLHYDANTOIN SODIUM ) 


A total of 200 mice were assigned randomly 
into eight equal groups. Dilantin was dissolved 
in freshly boiled distilled water with two or 
three drops of sodium hydroxide added to in- 
crease solubility. As the signs of toxicity at 
higher dosages appeared maximal at approxi- 
mately one hour, this was used as the interval 
between injection and stimulus. The groups 
were divided as follows: 


Dosage Number of Mice 
*Group A 75 mg./kg. 25 
*Group B 66.7 mg./kg. 25 
Group C 50 -mg./kg. 25 
Group D 33. mg./kg. 25 
Group E 25 mg./kg. 23 
Group F 16.7 mg./kg. 25 
Group G 8.3 mg./kg. 25 
Group H Control 25 


*The animals in groups A and B had previously been used 
as controls in the phenobarbital study, but were re-used 
to determine toxicity since lower doses had produced 100 
per cent seizure protection. 


Figure 3 illustrates that the lowest 100 per 
cent seizure protection dosage is between 25 
and 33 mg./kg. No seizure protection was ob- 
tained at 8.3 mg./kg. but the animals were 
protected from lethal seizures. No toxic effects 
were noted under dosages of 75 mg./kg., but 
animals at this dosage exhibited varying de- 
grees of ataxia and lethargy. Although one 
animal receiving 25 mg./kg. had a seizure, this 
dosage was chosen as being closer to the low- 
est 100 per cent effective dosage than 33 mg.; 
kg. for purposes of determining length of pro- 
tection. Figure 4 illustrates the results. These 
results are based on four groups of animals, 
25 in each group, tested once at four, eight, 12 
and 24 hours, respectively. Thus, significant 
protection was afforded through eight hours 
post-injection, and no appreciable seizure pro- 
tection was demonstrable at 24 hours. The 
percentage of lethal seizures is still reduced 
24 hours after injection. 


TRIDIONE (TRIMETHADIONE ) 


A total of 220 mice were placed randomly 
in seven groups. From 0.1 to 0.4 cc. of a 
commercially available Tridione suspension 
was injected intraperitoneally in the experi- 
mental groups. 
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Fic. 5. 
gous to figures 2 and 4. 


Protective effects of various doses of phenobarbital on sound-induced seizures. 
against seizures. Light bars denote no seizure protection but protection against death. Fic. 
ness of a single protective dose of phenobarbita 
Data for Dilantin in experiments analogous to figure 1. 
Data for Tridione in experiments analogous to figures 1 and 3. Fic. 6. Data for Tridione in experiments analo- 


Fic. 4. 


Solid bars denote protection 
2. Duration of effective- 


] against sound stimuli applied up to 24 hours after the dose. Fic. 3. 


Data for Dilantin in experiments analogous to figure 2. 
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Dosage Number of Mice 
Group A 500 mg./kg. 24 
Group B 415 mg./kg. 24 
Group C 333 mg./kg. 25 
Group D 250 mg./kg. 26 
Group E 167 mg./kg. 26 
Group F 83 mg./kg. 25 
Group G Control 70 


Figure 5 shows that 333 mg./kg. is the low- 
est dosage tested that produced 100 per cent 
seizure protection, but one-half this dosage 
still produced very significant protection from 
seizures and 100 per cent protection against 
lethal seizures. 

Toxic effects were not observed until a dos- 
age of 500 mg./kg. was reached. Doses up to 
1,000 mg./kg. were given to smaller groups 
with increasing lethargy and ataxia, and at 
1,000 mg./kg. three of ten animals expired. 
Again maximum toxicity appeared at one hour, 
so this was the interval chosen for stimulation 
after injection. Figure 6 illustrates the effect 
at longer intervals in a new group of 100 mice 
given 333 mg./kg. Groups of 25 subjects each 
were tested once at two, four, eight, and 24 
hours, respectively. Evidently at this dosage 
100 per cent seizure protection is afforded 
only under two hours, with significant protec- 
tion lasting between four and eight hours. 
Significant protection against lethal seizures 
was evident at eight hours but not at 24. 


DISCUSSION 


Typical generalized tonic-clonic convulsions 
can be produced consistently in 80 to 100 per 
cent of mice of the DBA/2 strain by the ring- 
ing of a door-bell in an enclosed area. This 
provides a very simple and convenient means 
of testing anticonvulsant properties and allows 
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a relatively large number of animals to be 
tested in a short time, thus increasing relia- 
bility of the results. 

The studies reported above demonstrate the 
extreme consistency of results in the controls, 
as well as the sensitivity of this method in 
measuring the anticonvulsant potency and 
length of action of the known anticonvulsants 
studied. Other studies now in progress sug- 
gest that the degree of anticonvulsant action 
seen in tests on the DBA/2 strain of mice cor- 
relates very well with effects in man. Most of 
the animals in the study reported here were 
used only once so there could be no question 
of the results. However, in other screening 
tests we have been able to use the same ani- 
mals several times, particularly when the sub- 
stance being tested gave protection at least 
against lethal seizure. 

The doses of anticonvulsants found effective 
in these animal studies, while considerably 
higher than the per weight dose used in man, 
compare well with effective dose levels of 
these same substances as tested by other ex- 
perimental means in animals.*-* 
CONCLUSION 


The DBA/2 strain of mice with suscepti- 
bility to sound-induced seizures offers a sim- 
ple yet accurate method of assay for anticon- 
vulsant properties of drugs. 

The properties of three common anticon- 
vulsant drugs were clearly defined by testing 
for effect against sound-induced seizures in 
DBA/2 mice. Lowest effective dose, toxic 
dose, and length of action were found to com- 
pare well with drug tests by other experiments 
and clinical experience. 
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Magnesium deficiency and 


sound-induced seizures in 


Sound-induced seizures in animals: 





rats 
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Dane Boggs, M.D., Richard D. Marks, B.A., 
Carl B. Coplinger, B.A., and Virginia Randolph, B.S. 


BEGINNING with the studies of Kruse, Orent, 
and McCollum’ in 1932, there have been many 
reports of convulsions associated with mag- 
nesium deficiency in animals.** We have 
studied magnesium deficiency in rats both as a 
means of producing seizure-susceptible animals 
and for the purpose of measuring certain asso- 
ciated chemical changes, especially changes in 
electrolytes. Though we have been able to 
produce the syndrome of magnesium deficiency 
with susceptibility to sound-induced seizures 
consistently, the chemical changes measured 
do not adequately explain the change in seiz- 
ure threshold. Nevertheless, there have been 
certain consistent findings that seem worthy 
of reporting at this time. 


METHODS 


The magnesium deficient diet used and also 
the apparatus for producing seizures by stimu- 
lation with sound have been described pre- 
viously.’. The blood and tissue specimens were 
obtained as follows: Immediately after ex- 
posure to sound, animals were sacrificed by 
decapitation and the blood was collected in a 
10 cc. tube. Autopsies were performed and 
tissues placed in crucibles which were sub- 
sequently dried and weighed. The following 
methods were utilized for chemical assay of 
the various specimens. ‘ 

Magnesium: Microdetermination with Cole- 
man Model 14 spectrophotometer.* 

Calcium: Photoelectric determination of oxa- 
lic acid and calcium.® 

Sodium and potassium: Determinations made 
utilizing the Beckman DU Flame photometer. 


INCREASED SUSCEPTIBILITY TO SOUND-INDUCED 
SEIZURES AND MAGNESIUM DEFICIENCY 


The increased susceptibility to sound-induced 
seizures brought about by magnesium defi- 
ciency was tested in two groups of animals. 





The first group consisted of 100 rats divided 
into 50 controls and 50 experimentals, which 
were further divided into four groups. Groups 
1 and 2 were placed on the experimental diet 
and groups 3 and 4, designated as controls, 
continued on the ordinary laboratory diet. 
These animals were tested for susceptibility to 
sound-induced seizures twice weekly. How- 
ever, one group of experimentals and one 
group of controls were tested twice weekly, 
beginning on the third day of the experimental 
diet and continuing throughout the experiment. 
Another group of controls and experimentals 
were not tested for susceptibility to seizures 
until the twenty-first day and then were tested 
twice a week throughout the duration of the 
experiment. Since the percentage of convulsive 
episodes to sound in each control and experi- 
mental group was approximately the same, 
thev have been combined and the results are 
illustrated in figure 1. 

From this experiment it is seen that in- 
creased susceptibility to sound-induced seizures 
can be produced rapidly and in a large per- 
centage of animals. Since the group first stim- 
ulated at 21 days showed little difference from 
that stimulated twice weekly from the begin- 
ning, it would appear that repeated stimulatica 
at the rate of twice a week at least has little 
effect upon continued susceptibility to seizures. 
Furthermore, it would appear that such stimu- 
lation had little effect on the controls. 

The second group of animals tested consisted 
of 170 animals, and this experiment was de- 
signed so that each animal would be tested 
for susceptibility to sound-induced seizures 
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Fic. 1. Seizure susceptibility in male albino rats on a magnesium deficient diet. Total number of subjects — 25 
experimental and 50 controls. 

Fic. 2. Seizure susceptibility in male albino rats on a magnesium deficient diet. Total number of subjects — 170. 
Fic. 3. Blood serum levels of magnesium (in mEq./1) in male albino rats on a magnesium deficient diet. 
Total number of subjects — 260 experimental and 60 controls. 

Fic. 4. Brain magnesium content in mEq./kg. from male albino rats on a magnesium deficient diet. 






Bone magnesium content in mEq./kg. from male albino rats on a magnesium deficient diet. 


‘1c. 6. Muscle magnesium content from rats on a magnesium deficient diet. 


only once. During the experiment animals were 
sacrificed for tissue determination. These ani- 
mals were divided into two groups and each 
week eight or ten animals from both the ex- 
perimental and control groups were chosen at 
random, subjected to sound stimulation, and 
sacrificed. This was continued for nine weeks 
and results are shown in figure 2. It is evident 
from this experiment that increased suscepti- 
bility to sound-induced seizures reaches a high 


level, but seems to decrease after a period of 
time. Since these animals were stimulated only 
once with sound, this decrease cannot be attri- 
buted to the effect of repeated stimulation with 
sound. Since tissue studies showed an adjust- 
ment of magnesium level, even on the mag- 
nesium deficient diet, it is possible that the 
eventual decrease in seizure susceptibility is 
due to this adjustment of the animal. Another 
possibility is that age plays a part in suscepti- 














bility to seizures and that, with increasing age, 
susceptibility is less even in the face of mag- 
nesium deficiency. 


TISSUE LEVELS OF ELECTROLYTES IN MAGNE- 
SIUM DEFICIENT ANIMALS 

We have followed the serum and tissue 
levels of magnesium in a number of rats on a 
magnesium deficient diet. Since the findings 
that we will report have been consistent, we 
have combined several groups for the purposes 
of this report. 

Serum magnesium determinations in a total 
of 260 experimental animals are shown in 
figure 3. This shows a variation in degree of 
magnesium deficiency reaching its greatest de- 
gree between 20 and 30 days, with serum 
magnesium rising again, but never to normal, 
after 50 or 60 days. We have not carried the 
test bevound 65 days, though there is some 
indication that there would once again be a 
depression. Both from these tests and from 
clinical observations of the animals as to sus- 
ceptibility to seizures, general irritability, and 
vasodilitation of the skin, it appears that the 
animal definitely makes adjustments to the 
magnesium deficient diet and apparently has 
repeated breaks in this adjustment as body 
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stores of magnesium are called upon. The ani- 
mal, however, apparently holds onto mag- 
nesium so that, even in the presence of rather 
severe deficiency, the animal can adjust for a 
relatively long time. This is particularly true if 
the deficiency is not tremendously severe dur- 
ing the period of growth. 

Test of total brain magnesium content in a 
similar group of experimental animals and con- 
trols shows some fluctuation, but no apparently 
significant depression of tissue magnesium in 
the experimental animals. This is despite defi- 
nite severe lowering of serum magnesium. This 
is demonstrated in figure 4. 

This finding that total brain magnesium is 
not depressed has been consistent. This differs 
from the work of some investigators who have 
found depression of magnesium in the brain,* 
but agrees with the studies of Blaxter and 
Rook’ of magnesium deficiency in calves. 

Levels of bone magnesium determined in a 
similar group of animals show a depression of 
bone magnesium. However, this is not great 
and apparently does not continue to go down 
or go down as dramatically as the serum levels. 
This is shown in figure 5. 

Magnesium content of muscles in magnesium 
deficient animals also shows a slight depression 
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when compared with controls, but follows more 
nearly the curve of serum magnesium, going 
down and then apparently adjusting upward. 
This is shown in figure 6. 

Somewhat similar changes in muscle po- 
tassium also occur and this is shown in figure 
7. There appears to be a depression of muscle 
potassium at the time when serum magnesium 
in the experimental animals shows the greatest 
depression, and then some adjustment upward 
occurs as the serum magnesium levels rise. 

Calcium determinations were not done on 
all of our experimental animals, but we do 
have calcium determinations of serum and 
kidney calcium levels on a group of 60 animals. 
In these animals the serum calcium did not 
change from the control group, even when 
the magnesium deficient animals were fed a 
double amount of calcium in their diet (figure 
8). There were marked changes of calcium in 
kidney tissue, however, and this is shown in 
figure 9. During the time of this experiment 
while the animals were on a magnesium defi- 
cient diet, kidney content of calcium rose 
steadily, whereas magnesium content stayed 
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approximately the same. 

It is interesting to note in this same group 
of animals that, in those fed an additional 
amount of calcium, there was no added pro- 
tection against sound-induced seizures. 


CONCLUSIONS 


A high percentage of susceptibility to sound- 
induced seizures can be induced in rats by a 
magnesium deficient diet. 

Serum levels of magnesium tend to show a 
depression reaching its lowest point between 
20 and 30 days and then adjusting upward, 
but not returning to normal. 

The total amount of magnesium in the brain 
does not appear to change, despite severe low- 
ering of serum magnesium. 

With magnesium deficiency there is a 
marked deposition of calcium in the kidneys. 

With magnesium deficiency there appears 
to be an associated slight lowering of mag- 
nesium and potassium in muscle. 

Additional calcium given to animals rend- 
ered magnesium deficient does not protect 
them from sound-induced seizures. 
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under varying conditions 


Composition of cerebrospinal fluid 





Edgar A. Bering, Jr., M.D. 


THERE IS an increasing amount of evidence 
which suggests that the cerebrospinal fluid is 
in equilibrium with and probably equivalent to 
the interstitial phase of brain tissue. Assuming 
this to be true, the electrolyte concentrations 
which have low potassium and high sodium 
in the cerebrospinal fluid suggest that this ex- 
tracellular phase is being metabolically main- 
tained to provide a favorable environment for 
the conduction of nervous impulses, whose 
propagation is associated with the membrane 
potential resulting from the differences in in- 
tra- and extracellular concentrations of potas- 
sium and sodium ions. The maintenance of 
such a special environment could be a function 
of the glia, which have often been thought to 
have additional metabolic functions as well as 
providing the structural framework of the brain. 

As a first step in the examination of this 
hypothesis, the production and composition of 
cerebrospinal fluid is being examined under a 
variety of conditions which affect cerebral met- 
abolism. This paper is a preliminary report on 
the work to date, and is concerned chiefly with 
methods, establishment of normal conditions, 
and some critical experiments relative to the 
basic assumptions. 

Studies have been carried out on the flow 
rate and composition of cerebrospinal fluid 
from the cisterna magna of normal dogs and 
from the ventricles of dogs made hydrocephalic 
by cisternal injections of kaolin. Composition 
studies include measurement of both serum 
and cerebrospinal fluid total osmotic pressure, 
potassium ion concentration, sodium ion con- 
centration, sugar concentration, free and com- 
bined neuraminic acid concentration, and cere- 
brospinal fluid total protein concentration. Ex- 
periments have been carried out to determine 
the effect on rate of flow and composition by 
variation of the drainage pressure, by extirpa- 
tion of the choroid plexuses, by changing total 
serum osmotic pressure, and by the intravenous 
administration of acetazoleamide (Diamox).? 

The rate of flow of cerebrospinal fluid in the 
cisterna magna of a normal dog under Nem- 


butal anesthesia lying on his right side receiv- 


ing no intravenous fluid showed a linear rela- 
tionship with the flow of pressure from a point 
about equal to the venous pressure of the su- 
perior longitudinal sinus (about 70 mm. of 
water) to about —30 mm. of water, the zero 
point being the level of the right atrium of 
the heart. Below this flow pressure of —30 
mm. down to about —100 mm. of water (the 
lowest pressure studied), the flow appeared to 
be relatively constant within the limits of ex- 
perimental variation. 

Flow of cerebrospinal fluid from the ven- 
tricles of the hydrocephalic dogs showed a 
similar linear relationship, but the pressure at 
which zero flow occurred was somewhat high- 
er. This pressure (about 150 mm. of water) 
did, however, correspond to the sagittal sinus 
venous pressure which is elevated in hydro- 
cephalic dogs. Another difference was that the 
maximum flow rate of cerebrospinal fluid from 
the hydrocephalic dogs never was as great as 
from the cisterna magna of the normal dog. 
The composition of cerebrospinal fluid was un- 
changed during six hours of continuous drain- 
age, even at the maximum rates. One important 
feature of the composition studies was the very 
stable level of potassium concentration. Other 
constituents showed fluctuations associated 
with changes in the serum levels, but potassium 
remained unchanged in spite of serum changes. 
Neuraminic acid remained constant as long as 
the protein did not change. If the protein in- 
creased, then neuraminic acid values would 
change correspondingly. 

As composition was unaffected by the con- 
ditions of maximum flow, other experiments 
were carried out under these conditions since 
it was felt that any real changes could be more 
easily detected. 

Changes in total serum osmotic pressure af- 
fected both rate of flow and cerebrospinal fluid 
composition. Increasing the serum total osmotic 
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pressure caused a decrease in the cerebrospinal 
fluid flow rate and an increase of total osmotic 
pressure, protein and sodium concentration, 
but the potassium concentration remained un- 
changed. Decreasing the serum total osmotic 
pressure caused an increase in cerebrospinal 
Huid production, with a dilution of protein and 
sodium, while potassium again remained un- 
changed. Flow rate changes occurred exponen- 
tially with time, which suggests that they 
were passively related to the water and sodium 
shifts. The mechanism of the constancy of po- 
tassium concentration is not clear. 

The choroid plexuses were removed from the 
lateral ventricles of normal and hydrocephalic 
dogs. In the hydrocephalic dog the foramen 
of Monro was plugged, the plexus was removed 
from only one ventricle or from both lateral 
ventricles, and the third ventricle was occluded 
with gel foam. Anatomic studies at autopsy 
confirmed the completeness of the plexectomies. 
In most cases they were complete, although 
in some animals a microscopic tuft of plexus 
was found in the tip of the temporal horn. In 
no case did the remaining plexus amount to 
more than 5 to 10 per cent of the total in the 
ventricle. Flow studies were made one to four 
months after surgery. Some 25 experiments 
have been carried out without finding any dif- 
ference in either rate of flow or cerebrospinal 
fluid composition after choroid plexectomy. It 
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is of particular importance that the potassium 
levels have remained unchanged with the same 
low ratio compared to serum potassium levels. 
It is also of some interest to note that neu- 
raminic acid concentration is the same before 
and after plexectomy, confirming Uzman’s con- 
clusion? that this substance comes from the 
brain. 

Acetazoleamide (Diamox) has been reported 
to cause a decrease in cerebrospinal fluid flow, 
presumably because of its effects upon cerebral 
metabolism.! It has not been possible to confirm 
this observation. Intravenous Diamox in the 
amunt of 150 mg./kg. has failed to signifi- 
cantly change cerebrospinal fluid flow, although 
it does produce a wide variety of other physio- 
logic changes. One factor not controlled in the 
original experiments was the osmotic pressure 
of the injected Diamox which was given as a 
solution of 100 mg./ce. Such a solution has 
three to four times the osmolarity of serum. 
Therefore, it would have the effects attendant 
upon the injection of any hypertonic solution, 
and would be expected to cause a decrease in 
cerebrospinal fluid production. Diamox injected 
as an isotonic solution did affect the composi- 
tion of the cerebrospinal fluid slightly, since 
the sodium followed the serum sodium changes 
and the protein was increased in some experi- 
ments, but more data are needed to confirm 
this. Potassium was unchanged. 
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